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When is a man educated? 
“When he can look out upon the universe, now lucid and lovely, now dark and terrible, 
with a sense of his own littleness in the great scheme of things, and yet have faith and 
courage… and has in his heart a bit of a song.”
– Joseph Fort Newton 
vABSTRACT
This thesis investigates the topic “Detection and quantification of subsurface pesticide 
degrading microbial populations” with special focus on the Polymerase Chain Reaction 
(PCR), and particularly quantitative real-time PCR, as a method to detect microbial 
phenoxyalcanoic acid herbicide degraders in aquifer sediment. Additionally, the Most 
Probable Number (MPN) method was also evaluated for enumeration of herbicide 
degraders in the subsurface. The thesis consists of a literature review, discussing the 
current available methods to detect and enumerate microbial contaminant degraders in 
the subsurface, followed by three journal papers and a technical note, describing the 
experimental work undertaken for this PhD project. 
Pesticide residue in groundwater is a world wide problem. Since microbial degradation 
is the most important process for complete removal of this contaminant, detection and 
quantification of the microbial degraders is necessary to determine the potential for 
degradation, to monitor a site undergoing bioremediation, and to determine the fate of 
the contaminants in the environment. 
There are two types of methods for enumeration of microorganisms. The cultivation 
dependent methods require growth of the specific microorganisms during laboratory set 
conditions. The cultivation independent methods do not require long incubation times 
but involve detection and enumeration of microbial genes and thus require that these 
genes previously have been characterized. Real-time PCR is currently the most sensitive 
and least laborious of the cultivation independent quantification methods but has not 
previously been used for the enumeration of pesticide degraders in aquifer sediment.  
The PCR reaction is known to be inhibited by humic acids and metal salts that are 
typically co-extracted with the DNA from soil samples. However, little is known about 
the extent of real-time PCR inhibition in aquifer sediment samples at low target gene 
concentrations and how it varies between samples of the same kind. We therefore 
investigated this in DNA extracts from 50 aquifer sediment samples from a vertical 
profile on the fringe of Sjølund landfill leachate plume (manuscript I). Using an 
internal gene control spiked to real-time PCR reactions at two concentrations 
(corresponding to 105 and 107 genes/g sediment), we showed that at 105 genes/g, 14 
DNA extracts significantly inhibited PCR (37-100%) and at 107 genes/g, 4 DNA 
extracts significantly inhibited PCR (45-100%), thus showing that the real-time PCR 
assay was more sensitive to inhibition at the lower gene concentration. The 4 samples 
inhibiting real-time PCR at both high and low gene concentrations also had measurable 
levels of humic-like compounds, whereas the remaining samples inhibiting PCR did not 
have elevated levels of these compounds. The real-time PCR inhibition varied 
vi
significantly on a small scale of 5-15 cm depth intervals in the sediment profile. The 
results suggest that due to variation in inhibition, an internal control is needed in real-
time PCR reactions with DNA from environmental samples to correctly quantify the 
number of target genes, especially at low target gene concentrations when inhibition of 
real-time PCR is more frequent and dilution of DNA extracts is not practical. 
A 2-(2-methyl-4-chlorophenoxy)propionic acid (MCPP) mineralization potential has 
previously been found at the fringe of Sjølund landfill leachate plume and real-time 
PCR was therefore used to investigate if there were also elevated numbers of genes 
coding for MCPP degradation in situ in the sediment samples (manuscript II). 13 
primer pairs was used in real-time PCR to screen for the presence of 7 genes (tfdA,
tfdAD, cadA, rdpA, sdpA, tfdB and CCD genes) involved in phenoxyalcanoic acid 
degradation showing that the real-time PCR assay with primers targeting tfdA and CCD 
genes had a high sensitivity (80 genes/g sediment) and were thus suitable for real-time 
PCR quantification in the sediment samples. In three (out of 50) samples, the number of 
tfdA and CCD genes was elevated (102-103 genes/g sediment). However, the number of 
tfdA and CCD genes was below the detection limit in remaining samples. tfdA did also 
not increase in microcosms with Sjølund sediment mineralizing MCPP indicating that 
these genes were not involved in MCPP degradation in the sediment. tfdB increased to 
105 genes/g sediment but only in three microcosms and CCD increased to 103 genes/g 
sediment but only in two  microcosms (out of seven), indicating that other genes were 
involved in the observed MCPP degradation. Kinetic modelling showed that the tfdB
positive microcosms were associated with a slower growth of the MCPP degraders than 
in the remaining microcosms, thus also indicating that the MCPP degrading populations 
in the two groups of microcosms differed. These results thus show that there is a greater 
diversity of MCPP degrading genes than previously anticipated, which should be further 
studied before real-time PCR can be implemented for quantification of microbial MCPP 
degraders in the environment.    
The rdpA and sdpA genes, which code for the initial step in (RS)-MCPP degradation, 
could be detected in pure cultures but could not be detected in any of the 11 investigated 
Sjølund aquifer sediment microcosms using PCR primers previously published 
(manuscript III). However, the rdpA gene could be detected in nine out of eleven 
MCPP mineralizing microcosms using a nested PCR approach with newly designed 
primers. This approach increased the sensitivity and specificity of the PCR detection 
and most likely alleviated the interference by non-target DNA, i.e. production of 
unspecific PCR products, in the samples. However, due to the nature of the applied 
nested PCR approach, a quantitative enumeration of the rdpA gene could not be done, 
but this approach could be used to develop a quantitative PCR assay for use in natural 
attenuation situations. 
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The distribution of MCPP, isoproturon and acetochlor (herbicides) degraders was 
examined in topsoil, subsurface (a mixture of limestone, marl and clay) and sandy 
aquifer sediment below an agricultural field (Brévilles, France) down to 26 meters 
below surface, using the MPN method (manuscript IV). The number of herbicide 
degraders was 10-1-104 degraders/g soil or sediment with elevated numbers of degraders 
(up to 104 degraders/g) also in some subsurface samples. The mineralization of the 
herbicides was also studied in microcosm experiments. Generally, the presence of a 
mineralization potential correlated with elevated numbers of herbicide degraders, 
although in some samples the MPN enumeration showed a low number of herbicide 
degraders despite the presence of a mineralization potential, thus showing a limitation 
of the MPN method. However, an advantage with the MPN method as shown in this 
experiment is the possibility to quantify microorganisms for which DNA sequence 
information do not exist. 
Overall, PCR and MPN enumeration approaches have their strengths and limitations. 
Both of the methodologies can be improved to account for a greater part of the target 
population. Used in a multiphasic approach with geochemical measurements, both of 
these methodologies, can after optimization be a powerful tool when evaluating 
bioremediation techniques. In a natural attenuation case, the choice of detection and 
enumeration method for microbial degraders should be site and contaminant specific to 
obtain reliable data. 
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RESUMÉ
Denne afhandling undersøger emnet ”Detektering og kvantificering af 
pesticidnedbrydende mikroorganismer i undergrunden” med fokus på anvendelsen af 
Polymerase Chain Reaction (PCR) og især kvantitativ real-time PCR, til detektering af 
phenoxysyrenedbrydende mikroorganismer i grundvandsediment. Most Probable 
Number (MPN) metoden evalueres også som metode til at kvantificere herbicid-
nedbrydere i undergrunden. Afhandlingen består af en litteraturgennemgang, hvori de i 
dag tilgængelige metoder til at detektere og kvantificere forureningsnedbrydende 
mikroorganismer i undergrunden diskuteres, fulgt af tre artikelmanuskripter samt en 
teknisk note, som beskriver det eksperimentelle arbejde foretaget i forbindelse med 
dette ph.d. projekt. 
Pesticidforurening i grundvand er et problem over hele verden. Eftersom mikrobiel 
nedbrydning er den vigtigste proces for fuldstændig fjernelse af disse stoffer, er 
detektering og kvantificering af de mikrobielle nedbrydere nødvendig for at bestemme 
nedbrydningspotentialet, for at monitere et område hvor bioremediering foretages og for 
at bestemme forureningens skæbne i miljøet. 
Der er to typer af metoder til kvantificering af mikroorganismer, de kultiverings-
afhængige metoder, som kræver at de specifikke mikroorganismer kan dyrkes under 
laboratorieforhold og de kultiveringsuafhængige metoder, som ikke kræver lange 
inkuberingstider men til gengæld indebærer detektering og kvantificering af mikrobielle 
gener og derfor kræver at disse gener tidligere er blevet karakteriseret. Real-time PCR 
er for tiden den mest følsomme og mindst laboratoriekrævende af de kultiverings-
uafhængige metoder, men den er ikke tidligere blevet brugt til kvantificering af 
pesticidnedbrydere i grundvandsediment.  
Vi ved, at PCR reaktionen hæmmes af humussyrer og metalsalte, som typisk er svære at 
rense væk fra DNA-ekstrakt fra jord. Der er dog begrænset viden om, hvor meget real-
time PCR hæmmes ved lave genkoncentrationer i grundvandsediment og hvor meget 
hæmningen varierer mellem prøver af samme type. Vi undersøgte dette i DNA-
ekstrakter fra 50 grundvandsedimentprøver fra en vertikal profil på randen af 
forureningsfanen fra Sjølund losseplads (manuskript I). Real-time PCR reaktioner 
indeholdende sediment DNA-ekstrakter tilsattes en intern genkontrol ved to gen-
koncentrationer (105 og 107 gener/g sediment). Ved 105 gener/g, hæmmedes real-time 
PCR reaktionen signifikant (37-100%) af 14 DNA-ekstrakter og ved 107 gener/g 
hæmmedes real-time PCR reaktionen signifikant (45-100%) af 4 DNA-ekstrakter. De 
fire ekstrakter som hæmmede real-time PCR reaktionen ved både den høje og lave gen-
koncentrationen, indeholdt også en målbar mængde af humus-lignende stoffer. De 
xresterende DNA-ekstrakter som hæmmede PCR indeholdt ikke forhøjede niveauer af 
disse stoffer. Real-time PCR hæmningen varierede signifikant på en lille skala fordelt 
over 5-15 cm dybde intervaller i sedimentprofilen. Resultaterne indikerer, at variation i 
hæmningen nødvendiggør en intern kontrol i real-time PCR reaktioner med DNA fra 
miljøprøver for at kunne kvantificere antallet af gener korrekt, specielt ved lave 
koncentrationer, når fortynding af DNA-ekstraktet ikke er praktisk muligt. 
Der blev fundet et mineraliseringspotentiale af 2-(2-metyl-4-klorophenoxy)propionsyre
(MCPP) på randen af forureningsfanen fra Sjølund losseplads (manuskript II). Real-
time PCR blev derfor brugt til at undersøge, om der også var et forhøjet antal af gener 
som koder for MCPP nedbrydning in situ i sedimentprøverne. 13 primer par anvendtes i 
real-time PCR til at screene for tilstedeværelsen af 7 gener (tfdA, tfdAD, cadA, rdpA,
sdpA, tfdB and CCD genes) som koder for phenoxysyrenedbrydning. Real-time PCR 
med primers specifikke for tfdA og CCD gener var meget følsomme (80 gener/g 
sediment) og var derfor velegnet til real-time PCR kvantificering i sedimentprøver. I tre 
(af 50) prøver, var der et forhøjet antal tfdA og CCD gener (102-103 gener/g sediment) 
mens antallet var under detektionsgrænsen i de resterende prøver. Antallet af tfdA gener 
øgedes heller ikke i mikrokosmos indeholdende Sjølund-sediment som mineraliserede 
MCPP, hvilket indikerer at disse gener ikke var involverede i MCPP nedbrydning i 
sedimentet. Antallet af tfdB øgedes til 105 gener/g sediment og antallet af CCD gener 
øgedes til 103 gener/g sediment men kun i tre, respektive to mikrokosmos, hvilket 
indikerer at andre gener var involverede i MCPP nedbrydningen. Kinetikmodellering 
viste at MCPP nedbryderne i de tfdB positive mikrokosmos voksede langsommere end i 
de andre mikrokosmos, hvilket også indikerede at de MCPP nedbrydende populationer i 
disse to grupper af mikrokosmos var forskellige. Disse resultater viste, at der er en 
større diversitet af MCPP nedbrydende gener end man hidtil har antaget, hvilket bør 
blive studeret yderligere før real-time PCR kan bruges til kvantificering af mikrobielle 
MCPP nedbrydere i miljøet.  
rdpA og sdpA generne, som koder for de første trin i nedbrydningen af (RS)-MCPP
kunne detekteres i rene kulturer men ikke i mikrokosmos med Sjølund 
grundvandssediment når der blev brugt publicerede PCR primers (manuskript III).
rdpA genet kunne dog detekteres i 9 af 11 MCPP mineraliserende mikrokosmos ved 
brug af nested PCR med nydesignede primers. Denne fremgangsmåde øgede 
følsomheden og specificiteten på PCR detekteringen og mindskede med stor 
sandsynlighed interferensen fra ikke-specifikt DNA, dvs. produktionen af uspecifikke 
PCR-produkter, i prøverne. På grund af den anvendte nested PCR metodes natur, kunne 
rdpA genet dog ikke kvantificeres, men fremgangsmåden ville kunne bruges til 
udvikling af en kvantitativ PCR metode hvilket kunne bruges i studier af naturlig 
nedbrydning.
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Fordelingen af MCPP, isoproturon og acetochlor nedbrydere blev undersøgt i topjord, 
undergrund (en blanding af kalksten, mergle og ler) og grundvandsediment under en 
mark (Brévilles, Frankrig) ned til 26 meter under overfladen, ved brug af MPN metoden 
(manuskript IV). Antallet af herbicidnedbrydere var 10-1-104 nedbrydere/g jord eller 
sediment med forhøjet antal nedbrydere (op til 104 nedbrydere/g) i nogle 
undergrundsprøver. Mineralisering af herbiciderne blev også studeret i mikrokosmos 
eksperimenter. I de fleste prøver korrelerede tilstedeværelsen af et mineraliserings-
potentiale med et forhøjet antal herbicid nedbrydere. I nogle prøver, viste MPN 
tællingen dog et meget lavt antal herbicidnedbrydere på trods af tilstedeværelsen af et 
mineraliseringspotentiale, hvilket viser en begrænsning i MPN metoden. En fordel med 
MPN metoden er dog muligheden for at kvantificere mikroorganismer for hvilke der 
ikke eksisterer DNA-sekvens information. 
Samlet set har både PCR og MPN metoder deres styrker og begrænsninger. Begge 
metoder kan forbedres, så de kan detektere en større del af den specifikke 
pesticidnedbrydende population. Begge metoder kan sammen med geokemiske 
målinger blive et kraftfuldt værktøj når bioremedieringsteknikker skal vurderes. I en 
situation, hvor der vurderes om naturlig nedbrydning skal bruges som afværgestrategi, 
bør valget af detektering og kvantificeringsmetode for mikrobielle nedbrydere være 
sted- og forureningsspecifik for at opnå pålidelige data. 
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11 INTRODUCTION
Pesticides and their degradation products have been detected in groundwater all over the 
world, including the EU and in the US (Brüsh and Felding, 2000; Barbash et al., 2001). 
Groundwater is an important source for drinking water in many countries in the EU thus 
making protection of this resource a matter of high concern.  
The phenoxyalcanoic acid herbicides include compounds like 2,4-dichlorophenoxy-
acetic acid (2,4-D), 4-chloro-2-methylphenoxyacetic acid (MCPA), (RS)-2-(2-methyl-4-
chlorophenoxy)propionic acid (MCPP) and (RS)-2-(2,4-dichlorophenoxy)propionic acid 
(DCPP) (figure 1) and have been applied since their development in the 1940’s and are 
often applied in mixed formulations to optimize their herbicidal activity (Tomlin, 2003). 
MCPP and DCPP are among the 10 most frequently found pesticides in groundwater in 
Europe (Brüsh and Felding, 2000). Furthermore, elevated concentrations of these 
compounds (up to three orders of magnitude above the allowed concentration in 
drinking water) are common in the subsurface downstream old landfills (Baun et al.,
2003; Tuxen et al., 2003; Buss et al., 2006; Lapworth et al., 2006).
Figure 1: Molecular structure of representative phenoxyalcanoic acid herbicides.  
The removal of pesticides from aquifer sediments is primarily controlled by transport, 
sorption, and degradation. However, degradation is the only process through which 
pesticides are eliminated from the environment and biotic degradation is more common 
than abiotic degradation. Pesticides may be degraded by indigenous microorganisms to 
more or less toxic metabolites or they may be completely mineralized. Naturally 
occurring biodegradation of various pesticides has been observed in aquifer sediments 
(Broholm et al., 2001; Johnson et al., 2003; Buss et al., 2006) and has been used, 
although only in few cases, as a cost-effective remediation tool (natural attenuation) 
(Klecka et al., 2001; Tuxen et al., 2003). It is the number of specific microbial 
degraders that determines the potential for degradation, of which evidence is often 
required in the evaluation and monitoring of natural attenuation (National Research 
Council, 1993; Wiedemeier et al., 1998; Sinke, 2001; Röling and van Verseveld, 2002). 
2Furthermore, contaminant leaching models are sensitive to input values of 
biodegradation rates (Strömqvist and Jarvis, 2005; Roulier et al., 2006) which in turn 
depend on the amount of specific microbial biomass (Tuxen et al., 2002). Correct 
numbers of specific degrading microorganisms will therefore be useful to predict the 
fate of a contaminant. Confirmation of the degradation potential is usually met by 
substrate utilisation studies (e.g. microcosm or Most Probable Number (MPN) methods) 
involving laboratory incubation with the sediment in question (Röling and van 
Verseveld, 2002), which may be rather time consuming. However, molecular tools 
exploiting the genetic code of microorganisms provide new possibilities and these tools 
can be used to detect and quantify the genes of the specific degraders. The use of 
molecular techniques such as the Polymerase Chain Reaction (PCR) to evaluate 
intrinsic degradation potential of contaminants in the environment is a new strategy that 
was first used only in the middle of the last decade (Chandler and Brockman, 1996) and 
has mostly been investigated for sites contaminated by chlorinated solvents and petrol 
compounds (table 8) but only limited for pesticides (Shapir et al., 2000; de Lipthay et
al., 2003).
Quantitative real-time PCR is less laborious and more accurate than older PCR based 
enumeration techniques but was only recently introduced to environmental 
microbiology as enumeration tool of microbial genes (Grüntzig et al., 2001). The 
technique has previously mainly been applied for enumeration of microbial genes in soil 
or sediment microcosms enriched with the compound to be degraded. Only a limited 
number of studies describe the use of real-time PCR to quantify genes in situ in soil or 
sediment samples e.g. to monitor the number of introduced microorganisms during 
bioaugmentation (Lendvay et al., 2003); to enumerate pathogens (Okubara et al., 2005), 
or to enumerate biogeochemically significant microorganisms (Grüntzig et al., 2001). 
Furthermore, experiences with real-time PCR quantification of indigenous contaminant 
degrading microorganisms are scarce and the method has not been evaluated for 
enumeration of pesticide degraders in aquifer sediment where microbial biomass is low, 
resulting in a low concentration of target genes, and where the presence of compounds 
in the aquifer sediment at the same time may inhibit the PCR signals. Finally, no studies 
have dealt with real-time PCR quantification of MCPP degraders in non-incubated or 
microcosm aquifer sediment samples.      
Objectives
The main objective of my thesis was to evaluate the use of real-time PCR to quantify 
indigenous pesticide degrading microbial populations in aquifer sediment and to review 
which currently available methods are useful for this purpose. 
In detail, the objectives of the thesis were  
3x To validate real-time PCR when applied to contaminated subsurface sediment 
with specific focus on quantification of the inhibition of real-time PCR reactions 
by co-extracted contaminants in DNA extracts and target gene concentrations 
relevant to this environment 
x To investigate the spatial variation of real-time PCR inhibition in polluted 
aquifer sediment  
x To apply and implement real-time PCR for detection and quantification of 
microbial MCPP degraders in situ in subsurface environments  
x To investigate the correlation between the in situ number of metabolic genes 
involved in phenoxy acid degradation and the mineralization potential of MCPP 
in aquifer sediment  
x To investigate the spatial distribution of microorganisms degrading the 
herbicides MCPP, isoproturon and acetochlor in a contaminated aquifer using 
the MPN method 
As most of the work was focused on MCPP in subsurface environments, the following 
literature review is mainly focused on phenoxyalcanoic acids. However, results obtained 
also from other environments (e.g. top soil and water samples) and with other 
xenobiotic compounds are included for comparison.  
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52 MICROBIAL DEGRADATION OF PESTICIDES IN AQUIFERS 
2.1 The aquifer as a habitat for microorganisms 
The subsurface has lower concentrations of bioavailable carbon and inorganic nutrients 
(especially nitrogen and phosphorus) compared to top soil. Therefore, the total number 
of microorganisms in aquifer sediment is typically several orders of magnitude lower 
(Ghiorse and Wilson, 1988). The total number of microorganisms in aquifer sediment 
enumerated by microscopy have typically shown 106-107 bacteria/g sediment (Balkwill 
and Ghiorse, 1985; Albrechtsen and Winding, 1992; Dobbins et al., 1992; Rusterholtz 
and Mallory, 1994; Ludvigsen et al., 1999; de Lipthay et al., 2003; Toräng et al., 2003). 
The physical structure of the aquifer material determines the surface area available for 
microorganisms to attach, and the level of water flow and thus the transport of nutrients, 
electron acceptors and carbon sources to the microorganisms (Ghiorse and Wilson, 
1988). Therefore, the total number of microorganisms may differ in different aquifer 
materials. Total numbers of culturable bacteria (enumerated as culturable heterotrophs 
on agar plates) in chalk and sandstone aquifers have shown 104-105 cells/g (table 1) 
(Johnson et al., 2000; Johnson et al., 2003). However, notice that agar plating typically 
underestimates the number of microorganisms (table 1) (Albrechtsen and Winding, 
1992; Balkwill and Ghiorse, 1985) and that the composition of the nutrient media used 
determines the number of microorganisms (Balkwill and Ghiorse, 1985). Therefore, 
such enumerations are only rough estimates.  
The number of microorganisms performing a specific process can be expected to be 
lower than the total number of microorganisms (i.e. typically <107) and is typically 
regulated by the type of available electron acceptors and carbon sources (Ghiorse and 
Wilson, 1988).  
Table 1: The total number of bacteria in different subsurface environments.
Subsurface 
environment
Total number 
of bacteria
(bacteria/g 
sample) 
Enumeration
method
Reference 
Sandy aquifer sediment 106-107  Microscopy Balkwill and Ghiorse (1985); Albrechtsen 
and Winding (1992); Dobbins et al.
(1992); Rusterholtz and Mallory (1994); 
Ludvigsen et al. (1999); de Lipthay et al.
(2003); Toräng et al. (2003) 
Sandy aquifer sediment 102-106 Agar plating Balkwill and Ghiorse (1985);  
Albrechtsen and Winding (1992) 
Chalk aquifer 104  Agar plating Johnson et al. (2000) 
Sandstone aquifer 105  Agar plating Johnson et al. (2003) 
Sandstone, non-saturated 103  Agar plating Johnson et al. (2003) 
Limestone, non-saturated 102  Agar plating Johnson et al. (2003) 
62.2 Degradation of phenoxyalcanoic acids 
Polluted aquifers may recover from chemical contamination and the most important 
process for elimination of the xenobiotics is biological degradation by natural microbial 
communities that have adapted to degrade these compounds (Spain et al., 1980; Aelion 
et al., 1987). Microbial adaptation is defined as an increase in the rate of degradation 
with exposure to a chemical and may be due to growth of microorganisms bearing the 
required catabolic capabilities, induction of enzyme activity (i.e. gene expression) and 
genetic adaptation (e.g. gene transfer) (Spain et al., 1980; Vandermeer et al., 1992). Due 
to the typically long residence time of contaminants in aquifers, there is ample 
opportunity for microbial adaptation (Ghiorse and Wilson, 1988).  
de Lipthay et al. (2003) showed that continuous in situ exposure to low MCPP and 
DCPP concentrations (<40 Pg/L) during a field injection experiment in an aerobic sandy 
aquifer (Vejen, Denmark) generated specific phenoxyacetic acid degraders (up to 104
cells/g sediment) and 2,4-D degradation pathway genes (up to 103 genes/g sediment) 
were only detected in sediments from the contaminated part of the aquifer. The presence 
of specific degraders could thus explain the increased degradation of the phenoxy acids 
in situ (Broholm et al., 2001). A year after the termination of the field injection 
experiment the number of specific MCPP degraders in the sediment was still elevated 
(up to 102 cells/g sediment) compared to non-exposed sediments (<1 cell/g sediment). 
Although these studies showed elevated numbers of specific phenoxy acid degraders, 
these only constituted <1‰ of the total bacterial population.  
Tuxen et al. (2006) measured high concentrations of MCPP (up to 220 Pg/L) in the 
aquifer downstream Sjølund landfill (Denmark) and elevated levels of MCPP degraders 
(up to 103 cells/g sediment) were found at the narrow fringe of the leachate plume, 
where also elevated levels of MCPP mineralization (up to 30%) was detected in 
microcosms. The distribution of the MCPP degraders and MCPP mineralization 
potential was governed by phenoxy acid and oxygen concentration with the highest 
MCPP degradation potential present where oxygen and MCPP co-existed (figure 2).
Several other field and laboratory studies report phenoxy acid degradation in aerobic 
clastic and limestone aquifer materials (Klint et al., 1993; Larsen et al., 2000; 
Albrechtsen et al., 2001; Johnson et al., 2003; Harrison et al., 2003) although there are 
also reports of persistence of phenoxy acids at aerobic conditions (Johnson et al., 2000; 
Johnson et al., 2003; Chilton et al., 2005). In correspondence with the results presented 
in Tuxen et al. (2006), phenoxy acids displayed recalcitrance at anaerobic conditions 
(Rugge et al., 1999; Larsen et al., 2000; Pedersen, 2000).
7Figure 2: Conceptual figure showing the MCPP containing leachate plume downstream Sjølund 
landfill and the MCPP degrading zone at the plume fringe where MCPP and oxygen co-existed.  
After collection, the sediment core was divided into 50 pieces. Data obtained from Tuxen et al. (2006).  
2.3 Concluding remarks 
Studies have shown a degradation potential of phenoxyalcanoic acids in aerobic aquifer 
materials with up to 104 phenoxy acid degrading cells/g sediment. The number of 
specific herbicide degraders is typically several orders of magnitude less than the total 
number of microorganisms.  
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93 TAXONOMIC AND FUNCTIONAL DIVERSITY OF 
PHENOXYALCANOIC ACID DEGRADERS  
3.1 2,4-D and MCPA 
The best studied 2,4-D and MCPA degrader is Ralstonia eutropha JMP134, which was 
isolated from Australian agricultural soil (Pemberton et al., 1979) and has become a 
model for the study of phenoxy acid degradation (Jacobsen and Pedersen, 1992; Suwa 
et al., 1996; Dejonghe et al., 2000; Müller et al., 2004; Bælum et al., 2006). The 2,4-D 
and MCPA degrading capacity is encoded on plasmid pJP4 which contains genes for 
degradation of these compounds to 3-oxoadipate (figure 3) which is further degraded by 
chromosomally encoded genes to CO2 and Cl¯ (Don and Pemberton, 1985; Don et al.,
1985; Kukor et al., 1989; Plumeier et al., 2002). In this strain, the initial degradation
step of 2,4-D involves removal of the acetate side chain to yield 2,4-dichlorophenol by 
an D-ketoglutarate-dependent dioxygenase, encoded by the tfdA gene (Streber et al.,
1987; Fukumori and Hausinger, 1993a; Fukumori and Hausinger, 1993b). 
Dichlorophenol is then hydroxylated to 3,5-dichlorocatechol by a phenol hydroxylase, 
encoded by the tfdB gene (Don et al., 1985; Perkins et al., 1990). Subsequently, 3,5-
dichlorocatechol undergoes ring cleavage to 2,4-dichloromuconate by a chlorocatechol 
dioxygenase (CCD), encoded by the tfdC gene (Don et al., 1985; Perkins et al., 1990). 
Further degradation steps to 3-oxoadipate are catalyzed by enzymes encoded by the 
tfdD, tfdE and tfdF genes (Don et al., 1985; Perkins et al., 1990; Kuhm et al., 1990; 
Plumeier et al., 2002).
The numerous 2,4-D and MCPA degraders isolated so far harbour DNA that display a 
great variation in the homology to the R. eutropha JMP134 tfdA, tfdB and tfdC genes, 
from high to no similarity (Mäe et al., 1993; Fulthorpe et al., 1995; Kamagata et al.,
1997; Kitagawa et al., 2002).
The 2,4-D degrading strains are considered to be divided into three groups (table 2) 
based on evolutionary and physiological bases (Itoh et al., 2004). The first group 
consists of E- and J-Proteobacteria which have been isolated from agricultural and 
industrial soils and wastewaters. The tfdA, tfdB and tfdC genes in this group, in which R.
eutropha JMP134 is included, have nucleotide sequence similarities of more than 76, 34 
and 55%, respectively (McGowan et al., 1998; Vallaeys et al., 1999). The second group 
consists of D-Proteobacteria that is closely related to Bradyrhizobium spp. The strains 
in this group have been isolated from soils with no previous pesticide application 
including pristine soil from Hawaii, Canada and Chile (Kamagata et al., 1997), and 
arable soil in Japan (Itoh et al., 2000). The tfdA-like genes tfdAD in these organisms 
have 46-57% similarity to R. eutropha JMP134 tfdA. One of the members in this group,  
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Figure 3: Catabolic genes involved in the degradation of 2,4-D and MCPA in Ralstonia eutropha
JMP134 (bottom) and in the degradation of (RS)-MCPP and (RS)-DCPP in Sphingomonas 
herbicidovorans MH (top) (Don et al., 1985; Streber et al., 1987; Müller et al., 2004). R = Cl (2,4-D and 
DCPP degradation) or CH3 (MCPA and MCPP degradation). * The tfdC and dccA genes belong to the 
group chlorocatechol dioxygenase (CCD) genes. TCA: Tricarboxylic acid cycle. 
Bradyrhizobium japonicum USDA110, did not contain genes similar to tfdB or tfdC
(Kaneko et al., 2002; Itoh et al., 2004). However, other members of this group have so 
far not been investigated for presence of these genes.  Members in the third group are 
also D-Proteobacteria but belong to species of the genus Sphingomonas. As for the first 
group, these organisms have been isolated from agricultural and industrial samples and 
contain tfdADThe tfdB-like genes from Sphingomonas strains were more than 60% 
similar to tfdB genes from members in the first group (Leander et al., 1998; Vallaeys et
al., 1999). The genes encoding the chlorocatechol 1,2-dioxygenase genes (CCD) in the 
Sphingomonas strains, showed >55% similarity to known tfdC-like genes, and also 
formed a distinct group among themselves. In addition, some strains in the second and 
the third group contain the cadAB genes, which encode a 2,4-D cleaving enzyme 
thoroughly different from R. eutropha JMP134 tfdA, but which are similar to the tftAB
genes encoding 2,4,5-trichlorophenoxyacetic acid (Itoh et al., 2004). The 2,4-D 
degrading genes are thus spread over many phylogenetic groups and it has been shown 
that the phenoxyalcanoic acid degradation genes are highly mobile and easily 
transferred between species (Ka and Tiedje, 1994; Fulthorpe et al., 1995; Vallaeys et
  * 
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al., 1996; McGowan et al., 1998; Vallaeys et al., 1999; Itoh et al., 2004) even between 
members of distantly related groups (Müller et al., 2004). Therefore, it is possible that 
the grouping of 2,4-D degraders should be divided according to metabolic genes. 
Furthermore, it is possible that the three 2,4-D degrading groups does not cover the 
microbial diversity of 2,4-D and MCPA degraders in soil and sediments since MCPA 
degradation has been recorded without the presence of known phenoxyalcanoic acid 
genes (Bælum and Jacobsen, unpublished data).
Table 2: The three groups of 2,4-D-degraders (Itoh et al., 2004) with corresponding functional 
genes involved in the three initial 2,4-D-cleavage steps.  * Not all 2,4-D-degraders in the group harbour 
cadAB. ** Presence of tfdB and tfdC not detected or not determined. NS: Not significant 
% Nucleotide 
similarity to R. 
eutropha JMP134  
Group of 
2,4-D-
degraders  
Phylogenetic association Origin 2,4-D 
cleavage 
genes
tfdA tfdB tfdC
Group 1 E- and J-Proteobacteria
(e.g. Achromobacter, 
Burkholderia, Delftia, 
Halomonas, 
Pseudomonas, Ralstonia, 
Rhodoferax, Variovorax)
Agricultural and 
industrial soils, 
wastewater
tfdA 
tfdB
tfdC 
>76
>34
>55
Group  2** D-Proteobacteria:
Bradyrhizobium spp. and 
close relatives 
Pristine and 
arable soil with 
no history of 2,4-
D exposure 
tfdAD
cadAB*
46-57 
NS
Group 3 D-Proteobacteria:
Sphingomonas spp. 
Agricultural and 
industrial 
samples 
tfdAD
cadAB*
tfdB 
tfdC
46-57 
NS
>60
>55
It should be mentioned that some Bradyrhizobium spp. that contain both tfdAD and 
cadAB genes are not able to degrade 2,4-D (Itoh et al., 2004). Furthermore, tfdA genes 
have also been found in many isolates that can not degrade 2,4-D (Hogan et al., 1997; 
Schleinitz et al., 2004).
3.2 MCPP and DCPP 
The phenoxypropionate acids have a propionate side chain in stead of an acetic side 
chain as in the phenoxyacetic acids (figure 1). The genes encoding the first degradation 
step in MCPP and DCPP degradation was previously considered to be tfdA-like since 
some phenoxypropionate acid degraders carry tfdA genes (Saari et al., 1999; Müller et
al., 2001; Smejkal et al., 2001a, 2001b). It was recently shown that two MCPP and 
DCPP degrading strains (Delftia acidovorans MC1 and Sphingomonas herbicidovorans 
MH, isolated from contaminated building rubble and agricultural soil, respectively) 
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harbour enantiospecific D-ketoglutarate-dependent dioxygenases (named RdpA and 
SdpA, degrading (R)-MCPP/DCPP and (S)-MCPP/DCPP, respectively) (Westendorf et
al. 2002; Müller et al. 2004) which have only approximately 30% amino acid sequence 
similarity to the TfdA enzyme and the rdpA and sdpA genes could not be detected using 
tfdA PCR primers (Müller et al., 1999; Müller et al., 2004). The RdpA enzymes in these 
organisms are 100% identical (99% similarity on the nucleotide level), indicating a 
recent gene exchange between D- and E-Proteobacteria, but the SdpA enzymes are only 
63% similar (Müller et al., 2004). No DNA hybridization signals were obtained with 
Sphingomonas herbicidovorans MH DNA using Delftia acidovorans MC1 sdpA gene 
probes (Müller et al., 2004) and primers developed to amplify Delftia acidovorans MC1
sdpA did not produce a PCR product in PCR with Sphingomonas herbicidovorans MH
DNA (Lindberg et al., II, 2007). 
The degradation pathways for 2,4-D, MCPA, MCPP and DCPP converge after the first 
cleavage step (figure 3) (Tett et al., 1997; Müller et al., 2004) and genes coding for 
dichlorophenol hydroxylase (TfdB) and chlorocatechol 1,2-dioxygenase (CCD) were 
found in Sphingomonas herbicidovorans MH (Müller et al., 2004) and Delftia
acidovorans MC1 (Müller et al., 1999). The TfdB enzyme in Sphingomonas
herbicidovorans MH have 57% similarity to Delftia acidovorans MC1 TfdB and the 
Sphingomonas herbicidovorans MH CCD enzyme (DccA) have 51% similarity to R.
eutropha JMP134 TfdC (Müller et al., 2004) and the corresponding tfdB and dccA
genes in these organisms could be detected using degenerate PCR primers previously 
used to detect tfdB and tfdC genes in 2,4-D degrading organisms (Müller et al., 1999; 
Müller et al., 2004). However, we used the same tfdB and CCD primers as in Müller et
al. (2004) but an increase of tfdB genes was detected only in three out of seven aquifer 
sediment microcosms and an increase of CCD genes was detected only in two 
microcosms despite that all microcosms mineralized MCPP (Lindberg et al., II, 2007). 
The increase of tfdB genes was associated with slower mineralization rate and slower 
growth of MCPP degraders than in the other microcosms which further highlights the 
difference between the microbial populations in these two groups of microcosms.  
Thus, our study revealed that there is a greater diversity of genes in the degradation 
pathway of MCPP than previously shown. Lee et al. (2005) showed that for a 2,4-D 
degrading microbial community, different culturing conditions, including 2,4-D 
concentration, resulted in emergence of different functional genes. It is therefore 
possible that the MCPP degradation in oligotrophic aquifer sediment is controlled by 
different genes.
3.3 Concluding remarks 
The diversity of 2,4-D degrading genes is large. The genes responsible for the initial 
step in MCPP degradation, whose diversity have so far not been studied to such great 
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extent, are significantly different from the 2,4-D degrading genes. Also the genes 
responsible for the second and third step of MCPP degradation have greater diversity 
than previously anticipated and this makes detection of the metabolic genes challenging. 
The characterized phenoxy acid genes have been isolated from microorganisms from 
agricultural or pristine soils and bioreactors but not from aquifer materials. The phenoxy 
acid degrading genes are spread over many different phylogenetic groups, which make 
it more relevant to quantify the metabolic genes than the ribosomal genes when 
enumerating the microbial degraders.  
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4 TECHNIQUES FOR DETECTION AND QUANTIFICATION OF 
CONTAMINANT DEGRADING BACTERIA IN SUBSURFACE 
ENVIRONMENTS 
Techniques available to detect and quantify contaminant degrading bacteria in 
subsurface environments comprise cultivation-dependent and cultivation-independent 
methods. The cultivation-dependent methods include laboratory incubation of the 
sample or a microbial extract of the sample and require growth of the sought bacterial 
population under the conditions applied. In contrast, cultivation-independent methods 
do not require the multiplication of the microorganisms in question to enable detection 
but may depend on the identification of nucleic acid sequences (DNA and RNA) or fatty 
acids specific of the microbial degraders. In the present study, only nucleic acid based 
techniques were applied and only these are described in the text. 
In the following sections I discuss techniques that may be used to detect and quantify 
pesticide degrading bacteria in subsurface environments that typically contain lower 
numbers of target organisms than in e.g. top soil or bioreactors (table 3). However, 
enumeration of the total number of bacteria will not be discussed.
4.1 Cultivation-dependent techniques
Cultivation-dependent techniques are important tools for the detection and 
quantification of contaminant degraders in environmental samples, especially when 
genes of the contaminant degraders have not been characterized and thus do not allow 
the use of nucleic acid based methods. However, a well-known phenomenon in 
environmental microbial ecology is the inability to cultivate more than a small 
proportion (typically 0.1-10%) of the microorganisms seen microscopically (Jones, 
1977; Staley and Konopka, 1985; Pedersen and Jacobsen, 1993; Amann et al., 1995) 
and this is especially problematic in oligotrophic systems (Amann et al., 1995). The 
discrepancy might be caused by several factors (Dobbins et al., 1992; Amann et al.,
1995): (I) the applied cultivation conditions are not suitable for the majority of the 
microorganisms, (II) poor separation of the bacteria from soil or clumps of bacteria can 
underestimate the culturable counts, (III) bacteria that are viable may not necessarily be 
culturable (e.g. due to stress during handling of samples) and this results in variable 
culturing efficiencies among microbial species. Another limitation with culture-
dependent techniques is that they are usually quite laborious and may require extensive 
incubation times (over a year), especially for slow growing microorganisms. 
The cultivation-dependent detection and quantification techniques described here are 
degradation potential experiments, agar plating, and the most probable number (MPN) 
technique.
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Table 3: Methods for detection and quantification of contaminant degrading bacteria in subsurface 
environments and corresponding detection limits. N: Non-quantitative method. Q: quantitative 
method. ND: Not determined. NA: Not applicable.  
  Method  Detection 
limit (cells or 
genes/g soil or 
sediment)
Reference 
 Degradation 
potential 
experiments 
(N) NA  
 Agar plating (Q) 106 Clausen et al. (1999) 
Cultivation 
dependent 
techniques
 MPN (Q) 10-1-100 Toräng et al. (2001);  
de Lipthay et al. (2003); 
Lindberg (IV, 2007) 
PCR-
based 
techniques
PCR (N) 102-106 Hallier-Soulier et al.
(1996); Löffler et al.
(2000); Hendrickx et al.
(2006) 
 PCR + 
blotting 
(N) Up to 1000 
times lower 
than PCR 
Hallier-Soulier et al.
(1996) 
 Nested PCR (N) 102-103,
Up to 1000 
times lower 
than PCR 
Shapir et al. (2000); 
Löffler et al. (2000) 
 MPN-PCR (Q) 102 Tuomi et al. (2004);  
de Lipthay et al. (2003) 
 Competitive 
PCR
(Q) 103-105 Mumy et al. (2004); 
Laurie and Lloyd-Jones 
(2000) 
 Real-time 
PCR
(Q) 102-104 Bælum et al. (2006); 
Lindberg et al. (I, 2007), 
Lindberg et al. (II, 2007) 
Dot Blot (Q) 104-106 de Lipthay et al. (2003); 
Stapleton et al. (1998); 
Brockman (1995) 
Microarray (Q) 100-10 000 
fold higher 
than PCR 
Zhou et al. (2002) 
FISH 
techniques
(N/Q) 105 Schippers et al. (2005) 
Cultivation 
independent 
techniques
Nucleic
acid
hybridi-
zation 
techniques
Flow
cytometry 
(Q) ND  
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4.1.1 Degradation potential experiments 
Laboratory degradation experiments may be used to test the ability of the endogenous 
microbial populations to degrade a pesticide by monitoring the decrease of the pesticide 
concentration or an increase of metabolite concentrations, relative to microbially 
inhibited controls, under controlled conditions (e.g. temperature, oxygen concentration, 
pH etc.). Degradation experiments are often set up as microcosms, which aim to mimic 
a small part of the environment, but since microcosms usually refer to a small, closed 
container to which the environmental sample (e.g. sediment) and pesticide is added, it is 
a simplified version of the environment it represents. However, of the culturable 
detection methods described here, this method allows the most resemblance of 
experimental conditions to environmental conditions since the original sediment matrix 
may be included (Toräng et al., 2003; Tuxen et al., 2006).
Besides showing the presence of pesticide degrading microbial populations, degradation 
assays allow the determination of degradation or mineralization rates. Fitting the 
degradation or mineralization curves to a mathematical description of the kinetics 
according to which the pesticide is degraded, allow the determination of kinetic 
parameters that may be used in pesticide fate models. Although there are kinetic models 
that contain the initial cell concentration as a parameter that through modelling can be 
estimated (Fomsgaard, 1997), obtaining an acceptable and realistic fit to one of these 
models may be challenging since this requires much knowledge about the active 
microbial populations and their interactions. For example, kinetic modelling was used to 
estimate the dechlorinating microorganism concentration in batch experiments (Friis et 
al., 2007). However, the estimated biomass concentrations were one or two orders of 
magnitude above the measured concentration of genes specific for the dechlorinating 
microbial population. Thus, one of the limitations of a microcosm experiment is that it 
may not be able to quantify the initial pesticide degrading population.
Another limitation of degradation experiments is that they typically require months to 
over a year to operate (Harrison et al., 2001; Lindberg et al., II, 2006).
4.1.2 Agar plating 
Agar plating (Koch, 1882) is one of the classical techniques used to detect and quantify 
microorganisms. In theory, this technique can estimate the numbers of the culturable 
fraction of microbial degraders, using a minimal media amended with the pesticide as 
the sole carbon or nitrogen source. Although agar plating is seldom used today for direct 
detection and quantification of microbial degraders in soil and sediment,  development 
of new growth media may improve current protocols (Aagot et al., 2001) but 
completely new cultivation strategies may be required (Kaeberlein et al., 2002). Current 
obstacles include low culturability of indigenous microorganisms and non-specific 
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growth of bacteria able to utilize low carbon concentrations present in the soil or 
sediment extracts (de Lipthay, 2001; Clausen et al., 2002). 
Clausen et al. (2002) quantified an atrazine degrading strain inoculated into aquifer 
sediment as CFUs on atrazine medium and also quantified the number of atzA gene 
copies (coding for the initial step in atrazine degradation) using competitive PCR. The 
number of CFUs was always 1-2 orders of magnitude lower than the number of atzA
gene copies, which may illustrate the limitation of the culture-based method. This 
experiment was, however, conducted with bacteria that were introduced into sediment 
which may have an increased culturability compared to indigenous sediment 
microorganisms.  
4.1.3 Most Probable Number 
In the Most Probable Number (MPN) method (figure 4) (MacCrady, 1915; Cochran, 
1950) the extraction solution containing the microbial population to be counted is 
diluted to extinction. Each dilution is then used to inoculate 3-10 replicate tubes 
containing a liquid medium selecting for the microorganisms of interest. After 
incubation, the tubes are scored as +/- for growth. If the medium was added 
radioactively labelled substrate the scoring can be done by recording microbially 
produced 14CO2 (Toräng et al., 2003; Lindberg, IV, 2007) or the decrease in total 
radioactivity due to evaporated 14CO2 (Tuxen et al., 2006). Alternatively, growth-
positive tubes may be recorded by a colour change resulted by respiratory reduction of 
added tetrazolium indicators (Johnsen et al., 2002).
Figure 4: Principle of the MPN method. 
If a tube is scored positive it means that at least one culturable organism was present in 
the dilution with which it was inoculated. Then, statistical MPN tables or software 
programs are used to calculate the number of organisms in the original sample by 
recording the number of positive and negative tubes at each dilution. 
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An advantage of the MPN method is that the detection limit may be quite low. Toräng 
et al. (2003) had a detection limit of 0.2 MCPP degrading cells/g of sediment (dw) 
which is 2-3 orders of magnitude lower than the detection limit of the real-time PCR 
method we used to quantify MCPP degrading genes (Lindberg et al., II, 2007). 
However, it should be noted that the MPN detection limit is based on the number of 
culturable cells and that the actual number of degraders may be 1-2 orders of magnitude 
higher assuming a culturability of 1-10%.  
A disadvantage with the MPN technique is that it is very labour intensive. A single 
quantification may require as many as 40 MPN tubes (de Lipthay et al., 2002).
Furthermore, it may be challenging to determine when tubes should be scored positive 
or negative. de Lipthay et al. (2002) scored samples as positive if the 2,4-D 
mineralization was above 25% and this quite conservative limit was also used in the 
quantification of MCPP degraders by Tuxen et al. (2006). However, when quantifying 
MCPP, isoproturon and acetochlor degraders (Lindberg, IV, 2007), we scored tubes as 
positive when mineralization was greater than the radiochemical impurity reported by 
the manufacturers and greater than the average of sterile controls plus three times the 
standard deviation (Lehmicke et al., 1979) which was 2.7%, 0.9% and 1.6% 
mineralization, respectively. This criterion was also used in quantification of MCPP 
degraders by Toräng et al. (2003).  Finally, quantification of microbial degraders in 
samples containing few and slow-growing target organisms require long incubation 
times. MCPP degraders in aquifer sediments required incubation for 6-11 months 
(Toräng et al., 2003; Tuxen et al., 2006; Lindberg, IV, 2007).
4.2 Cultivation-independent techniques 
The macromolecules DNA or RNA may be used as biomarkers when detecting and 
quantifying pesticide degrading microorganisms, since specific nucleotide sequences 
may be targeted in samples containing mixtures of microbial populations by 
synthetically produced probes or primers (small single stranded DNA molecules) that 
only bind to their complementary sequences. The most common techniques are based 
on the Polymerase Chain Reaction (PCR) or nucleic acid hybridization. 
Compared to cultural techniques, molecular detection and enumeration techniques may 
require more instrumentation and may also take longer time to optimize e.g. due to the 
need to obtain sequence information for development of primers or probes. However, 
this initial workload may pay off later as each experiment will not be as time consuming 
as a culturing assay on slow growing microorganisms, but detection limit and inhibition 
problems may arise in an oligotrophic environment like the subsurface because of low 
numbers of target genes.  
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4.2.1 Polymerase Chain Reaction 
PCR allows the detection of a small number of target genes through enzymatic 
replication of DNA (figure 5) (Saiki et al., 1988) and is therefore potentially suitable for 
fast detection of genes present in low concentrations. The DNA fragment to be 
amplified is determined by the nucleotide sequence of the primers and can for example 
be designed to target a group of phylogenetically related microorganisms (e.g. through 
targeting 16S rRNA genes) or a specific catabolic gene possessed by different species, 
and thus the specificity of the PCR assay is optional. Pesticide degrading 
microorganisms are typically detected by targeting the catabolic genes involved in the 
degradation of these compounds since the pesticide degrading ability may be spread 
over many phylogenetic groups (see section 3). For comparison, primers targeting the 
16S rRNA genes of Dehalococcoides spp. are typically used to determine the presence 
of dechlorinating microbial populations at chloroethene contaminated sites (Löffler et
al., 2000; Lendvay et al., 2003) or in enrichment cultures (He et al., 2003; Friis et al.,
2007) since, to date, only these organisms are capable of complete dechlorination (Friis, 
2006).
Figure 5: Principle of PCR.  One PCR cycle. 
The main advantages of PCR compared to culture-dependent detection techniques are 
that it only takes a couple of hours to perform including post-PCR analyses such as gel 
electrophoresis and that it allows detection of non-culturable microorganisms. In theory, 
a single target gene per PCR reaction can be detected. This may also be the detection 
limit in practise and corresponded to approximately 102-103 gene copies/g soil or 
sediment in Bælum et al. (2006) and Lindberg et al. (II, 2007). However, the sensitivity 
of PCR may also be 1-3 orders of magnitude higher (Hendrickx et al., 2006; Lindberg et
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al., I, 2007; Lindberg et al., II, 2007) and mainly depends on (I) primer sequence e.g. 
causing differential amplification efficiencies between different primers, (II) DNA 
extraction protocol, (III) PCR inhibition from sample compounds co-extracted with the 
DNA (Tebbe and Vahjen, 1993; Jacobsen, 1995; von Wintzingerode et al. 1997; 
Lindberg et al., I, 2007) and the presence of excess amount of non-target sequences 
(Hristova et al., 2001; Bender et al., 2004). 
4.2.1.1 Primers
The primer sequence is critical for a successful PCR and the determination of the most 
optimal primers is highly empirical. There are several reasons to why primers may not 
find the sought after target sequence.
(I) The genes involved in the degradation pathway of a compound may differ 
significantly in microorganisms isolated from different samples as described for 2,4-D 
and (S)-MCPP (see chapter 3) which means that previously published primer sequences 
may be suboptimal, e.g. producing unspecific by-products in the PCR (Bælum et al.,
2006; Lindberg et al., II, III, 2007) or may not generate a signal at all in the PCR 
reaction (Lindberg et al., II, 2007). A sequence search in the sequence database (e.g. 
National Center for Biotechnology Information) may reveal newly added gene 
sequences not targeted by older primers and may allow the design of more optimal 
primers (Bælum et al., 2006).
(II) The metabolic genes in a sample may be different to known genes in isolates due to 
enrichment bias (Dunbar et al., 1997). Bælum et al. (2006) found that tfdA genes in 
fresh samples (e.g. non-incubated) were not identical to the tfdA genes in microcosms 
enriched on MCPA.
(III) Due to the interference of non-target sequences and humic-like compounds in 
environmental samples, primers that efficiently amplify target genes in pure cultures 
may not amplify target genes in environmental DNA extracts due to reduced specificity 
of the primers (Löffler et al., 2000; Stach et al., 2001; Bender et al., 2004).
(IV) Finally, a bad primer design (e.g. self-complementation or primer dimer formation) 
may result in poor DNA extension efficiency in the PCR reaction, thus leading to lower 
amounts of PCR products (von Wintzingerode et al., 1997). Long and GC rich target 
sequences may also amplify with lower efficiency. The detection of 1 tfdA and 1 CCD 
gene/PCR reaction was possible in DNA extract of a R. eutropha JMP134 soil mixture. 
However, in the same DNA extract, detection of tfdB was not possible below 103
tfdB/PCR reaction. In contrast, extremely sensitive primers may give false positive 
signals due to contamination from sample handling or PCR reagents. We found that the 
analysis of 16S rRNA genes may be challenging in samples with a low target gene 
number since 16S rRNA genes from the microbial production of the DNA polymerase 
may be present in PCR master mixes. We therefore recommend using extra pure DNA 
polymerases for such samples. 
22
4.2.1.2 DNA extraction protocol 
In Lindberg et al. (II, 2007) we saw that the detection of a single gene per PCR reaction 
was possible for two primer pairs and this corresponded to a detection limit in sediment 
of >80 genes/g sediment. The number of genes required for a PCR signal in 1 g soil or 
sediment may thus be limited by the amount of sample used in the DNA extraction 
protocol, the DNA extraction efficiency and the volume of DNA extract used in the 
PCR reaction. However, it may not be beneficial to concentrate the DNA extract more 
as the non-target DNA may interfere with the primer annealing as discussed above and 
also this will concentrate the PCR inhibitors. Therefore it may be beneficial to only 
extract target sequences (Jacobsen, 1995). The extraction of DNA from environmental 
samples is discussed in section 4.3. 
4.2.1.3 PCR inhibition 
It is well known that compounds like humic acids and metal salts co-extracted with the 
DNA from soil may totally or partially inhibit PCR (Tebbe and Vahjen, 1993; Jacobsen 
1995; von Wintzingerode et al., 1997). Aquifer sediment is expected to have a lower 
concentration of these compounds. However, I found that the detection limit in 
conventional PCR was at least two orders of magnitude lower when detecting R. 
eutropha JMP134 tfdA added to aquifer sediment DNA extract compared to the 
detection of tfdA in pure R. eutropha JMP134 DNA extract (table 4), which thus may 
prevent PCR detection of target genes at low concentrations. Furthermore, we found 
that DNA extracts from aquifer sediment may significantly inhibit quantitative real-time 
PCR, thus underestimating the number of genes in the sample (Lindberg et al., I, 2007), 
(see section 4.2.2.3). 
Table 4: Inhibition of conventional PCR in aquifer sediment DNA extract (this study). PCR 
detection of Ralstonia eutropha JMP134 tfdA in pure R. eutropha JMP134 DNA extract or in a mixture of 
R. eutropha JMP134 DNA extract and aquifer sediment DNA extract at four different tfdA target gene 
concentrations. The tfdA copy number used in each PCR reaction was recalculated to tfdA copy number 
per gram sediment. 
tfdA copy number (tfdA/g sediment) 106 105 104 103
JMP134 DNA extract + + + + PCR product  
(+/-)  JMP134 DNA extract + aquifer sediment DNA extract + + - - 
The sensitivity of PCR to inhibition could also depend on the type of DNA polymerase 
used (Abu Al-Soud and Rådström, 1998), or the addition of compounds that can 
override inhibition, such as bovine serum albumin (BSA) (Forbes and Hicks, 1996) and 
T4gene 32 protein (Kreader, 1996).
Herrick et al. (1993) increased Taq polymerase and primer concentration to relieve 
inhibition from sediment compounds on PCR. I also obtained increased sensitivity in a 
pure culture DNA extract when increasing the Taq polymerase concentration. 
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4.2.1.4 Post PCR analysis: blotting 
Although no PCR products are detected in agarose gel electrophoresis and subsequent 
ethidium bromide staining, it is possible to increase the detection limit by blotting, i.e. 
hybridizing PCR products with a labelled (e.g. digoxigenin/chemiluminescence or 32P)
nucleotide probe (figure 6). This procedure decreased the detection limit three orders of 
magnitude to 102 toluene degrading genes/g soil (Hallier-Soulier et al., 1996) and also 
increased the specificity of the analysis when PCR products contained DNA of several 
lengths (Bælum et al., 2006). However, as probes should be complementary to an 
internal part of the gene, this procedure requires that this part of the gene is known. 
Figure 6: Blotting of PCR products to increase detection limit. 
4.2.1.5 Nested PCR 
In nested PCR, two consecutive PCR reactions are performed. The primer pair in the 
second PCR reaction, in which PCR product from the first PCR reaction is used as 
template, usually targets a sequence within the target sequence produced in the first 
PCR reaction (figure 7).
Figure 7: Principle of nested PCR. 
The nested PCR approach is a way to increase the sensitivity and specificity of the 
standard PCR method and is useful when the number of target sequences is low (Löffler 
et al., 2000; Shapir et al., 2000; Bender et al., 2004) or primers generate many 
unspecific by-products in PCR (figure 8) (Stach et al., 2001; Bender et al., 2004; 
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Lindberg et al., III, 2007). In detection of atrazine degradation genes, nested PCR 
improved the detection limit compared to conventional PCR and enabled detection of 
<100 atzA genes/g soil (Shapir et al., 2000). Löffler et al. (2000) found that nested PCR 
decreased the detection limit in a pure culture of Desulforomonas spp. by three orders of 
magnitude compared to conventional PCR. When mixing Desulforomonas cells with 
sterilized aquifer material the detection limit for the nested approach was 1·103 cells/g 
aquifer material. In the presence of 1.2·108 E. coli cells the detection limit was elevated 
to 3·103 cells. 
Figure 8: Detection of rdpA genes in aquifer sediment from three MCPP mineralizing microcosms 
using nested PCR. Agarose gel electrophoresis of PCR products from a) the first PCR step with the outer 
primers showing presence of unspecific PCR by-products (lane 1-3) and b) the second PCR step with the 
inner primers showing the correct PCR product (lane 1-3). c) Control (D. acidovorans, run on the same 
gel as (b)). L: Molecular size ladder. Modified from Lindberg et al. (III, 2007). 
However, due to the high sensitivity, nested PCR may give false positive signals from 
low-level contamination from sample handling or reagents (Zehr et al., 2003) and it is 
therefore especially important to include negative controls.
4.2.1.6 Reverse Transcription - PCR  
Conventional PCR indicates the metabolic potential but does not inform about whether 
the organisms are active in the environment. Reverse transcription PCR (RT-PCR) can 
therefore be used to detect specific RNA sequences (e.g. mRNA and rRNA) which are 
produced in protein synthesizing cells. However, it is challenging to study mRNA in 
soil and sediment due to its short half-life (few minutes) and difficulty to purify from 
such samples (Meckenstock et al., 1998). Meckenstock et al., (1998) obtained an 
mRNA recovery in river sediment of only 3% 1,2,4-trichlorobenzene degrading genes 
compared to a pure culture. The detection limit for the RT-PCR method used in 
Meckenstock et al. (1998) was about 107 mRNA molecules per gram sediment 
(corresponding to approximately 106 – 107 cells). Rapid improvements in the field of 
mRNA quantification is expected when the problems of mRNA stability is solved. 
Recently, expression of as few as 2·104 tfdA mRNA transcripts/g soil was quantified 
analysing natural soil microbial populations (Bælum and Jacobsen, unpublished data). 
 a)   b)      c)
L        1        2        3       L         1        2       3        C
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4.2.2 Quantitative PCR 
The PCR reaction in itself can not be used to quantify the number of target sequences 
initially present in the sample because the amplification usually reaches a plateau level 
at the later cycles due to consumption of the reagents. Consequently, different amounts 
of starting material can yield similar amounts of end-product. Therefore, several 
quantitative PCR techniques have been developed, e.g. MPN-PCR, competitive PCR 
and real-time PCR. However, it is important to notice that the gene copy number per 
cell of both ribosomal and catabolic genes may vary (Fulthorpe et al., 1995; 
Klappenbach et al., 2000) and cellular mRNA and rRNA contents depend on the 
physiological status of the cell and therefore PCR methods and other methods relying 
on nucleic acid extraction cannot inform about the exact number of cells. Such 
information can only be retrieved through whole-cell hybridization (see section 4.2.3.3 
and 4.2.3.4). 
4.2.2.1 Most Probable Number PCR 
In the most probable number PCR (MPN-PCR) assay, replicate dilution series of DNA 
extracts are used as templates for PCR and reactions may be scored as positive if they 
produce a band on an ethidium bromide stained electrophoresis gel (Toranzos et al.,
1993; Fredslund et al., 2001; de Lipthay et al., 2003). Due to the multiple PCR 
reactions needed to obtain a quantification in one sample, this technique is rather 
laborious. Furthermore, since more than one target gene may be needed to obtain a PCR 
product (Sobecky et al., 1997; Lindberg et al., II, 2007), the MPN-PCR method will 
typically estimate a lower target gene number than is actually present in the sample. 
However, since quantification is based on presence or absence of PCR products, MPN-
PCR can be combined with probe hybridization or nested PCR for increased specificity 
(Kloos et al., 2006) and detection limits. However, a less laborious and more correct 
(although more expensive) approach for increased specificity is a probe-based real-time 
PCR technology (see section 4.2.2.3).
4.2.2.2 Competitive PCR 
Competitive PCR (cPCR) involves co-amplification of target DNA together with an 
internal standard (competitor) with a known sequence and concentration, which 
competes with the target DNA for primer binding and the other PCR reagents (Zachar et
al., 1993). To estimate the initial amount of target DNA, the ratio of the final mass of 
the competitor to its initial mass is compared with the final mass of the target sequence. 
In Clausen et al. (2002), the number of atzA copies enumerated by cPCR exceeded the 
number of culturable atrazine degraders estimated as CFU counts. They argue that this 
discrepancy might be due to viable-but-non-culturable cells, but factors like multiple 
atzA copies per cell, uneven distribution of cells in microcosms and handling of samples 
could also be important. However, at very low sample target gene concentrations, cPCR 
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may be ill-suited due to preferential amplification of the internal standard (Chandler, 
1998). Moreover, competitive PCR is typically quantitative over fewer orders of 
magnitude and is more laborious than real-time PCR (Okubara et al., 2005).
4.2.2.3 Real-time PCR 
Real-time PCR (Higuchi et al., 1993) detects PCR products as they accumulate during 
amplification (i.e. in real-time) (figure 9) by registering increased fluorescence from 
reporter molecules directly or indirectly binding to the produced DNA and was only 
recently introduced to environmental microbial ecology (Gruntzig et al., 2001). In stead 
of relying on end-point detection of PCR products, quantification is based on the 
amount of DNA accumulated at an early cycle (CT, threshold cycle) during the 
exponential amplification phase when the amplified number of target genes is 
proportional to the initial number of target genes. The number of target gene copies in 
the sample is then calculated from a standard curve, which may be based on the known 
number of bacteria in a pure culture containing the target gene (Bælum et al., 2006; 
Lindberg et al., II, 2007) or only the target gene by itself obtained through PCR (Lee et
al., 2005). We added dilutions of a pure culture to soil and subsequently extracted the 
DNA to simulate the extraction of indigenous bacteria from soil to obtain similar 
inhibition in sample and standard. However, the extraction efficiency for indigenous 
bacteria is likely to be lower than for the pure culture soil mixture due to the attachment 
of the indigenous bacteria to the soil matrix (see section 4.3). Real-time PCR is simple 
and rapid compared to MPN-PCR that requires handling of multiple PCR reactions and 
cPCR that requires time- and resource consuming post-PCR analyses. 
Figure 9: Principle of real-time PCR amplification and quantification of different target gene copy 
numbers. CT: Threshold cycle (point of quantification). Notice that the relative abundance of target genes 
between samples may change during PCR.  
Four major real-time PCR chemistries are SYBR green, TaqMan, Molecular beacons 
and Scorpion and the relative sensitivities of these techniques increase in the mentioned 
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order, with the two most common technologies being SYBR green and TaqMan 
(Okubara et al., 2005). Only these will be discussed here. The SYBR green technique 
uses a fluorescent dye (SYBR green I) which only binds to double stranded DNA and 
can thus detect amplified DNA after each extension step in the PCR. The other 
technologies rely on the binding of a probe to the target DNA. To the probe is bound a 
reporter dye and a quencher dye, which quenches the fluorescence of the reporter when 
the dyes are in close proximity of each other (figure 10).  
Figure 10: Real-time PCR technologies. a) SYBR green real-time PCR. b) TaqMan real-time PCR.
R: Reporter. Q: Quencher.
The SYBR green technology has been used to quantify genes in DNA extracts from 
soil and sediment (Kabir et al., 2003a; Kabir et al., 2003b; Bælum et al., 2006; 
Lindberg et al., II, 2006). The SYBR green dye is more sensitive than ethidium 
bromide, which is typically used to stain and detect PCR products after conventional 
PCR (Jin et al., 1994). However, Yin et al. (2001) deemed the SYBR green technology 
to be suitable for targets in excess of 1000 copies due to the higher degree of 
background fluorescence than for other real-time PCR technologies. In contrast, we 
obtained a detection limit of 1 tfdA or CCD gene per real-time PCR reaction 
(corresponding to 80 genes/g soil or sediment) (Lindberg et al., II, 2007). Like 
conventional PCR, real-time PCR is also sensitive to compounds co-extracted with the 
DNA from environmental samples. Zipper et al. (2003) showed a decreased sensitivity 
of the SYBR green dye in the presence of humic acids. Aquifer sediment is expected to 
have a lower concentration of PCR inhibitors like humic acids and metal salts. We 
examined the presence of humic-like compounds (measured as absorbance at 400 nm) 
and measured the level of real-time PCR inhibition in DNA extracts from the 50 aquifer 
sediment core samples collected 5 cm apart in a vertical profile across the fringe of 
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Sjølund landfill leachate plume (see site in figure 2) (Lindberg et al., I, 2007). We 
found a large variation in absorbance (ranging over two orders of magnitude) and 
inhibition (from 4-100%) in depth intervals of only 5-15 cm (figure 11). We recorded a 
significant inhibition in 15 out of 50 investigated DNA extracts when the known target 
gene concentration was 1.7·105 genes/g sediment (corresponding to 5.1 ·102 genes/PCR 
reaction). The average inhibition was 34% but it was not in all samples related to 
elevated humic acid content. However, at a 100 times higher target gene concentration, 
only the four samples with elevated absorbance significantly inhibited the SYBR green 
real-time PCR. Thus, at lower target gene concentrations, such as in aquifer sediment, it 
is important to use an internal control in the real-time PCR for correct quantification 
since dilution of the DNA extracts to minimize inhibitor concentrations could also 
dilute the gene concentration to below detection limit. Our study also shows the 
importance of using an internal control with real-time PCR when comparing gene 
quantifications in different samples. 
The probe technologies are more specific than the SYBR green technology due to the 
specificity conferred by the probes. However, this also means that the sequence within 
the primer sites has to be known and this makes the SYBR green technology 
advantageous in cases of higher sequence diversity.
Figure 11: Real-time PCR inhibition in 50 DNA extracts from an aquifer sediment core at two 
target gene concentrations: a) 1.7·107 gfp genes/g and b) 1.7·105 gfp genes/g. c) Absorbance (400 nm) 
of the DNA extracts. Relative real-time PCR response: Real-time PCR response in sediment DNA 
extract divided by real-time PCR response in reference (REF: pure water). Modified from Lindberg et al.
(I, 2007).
In the TaqMan technology the bound probe is degraded by the 5’-3’ exonuclease 
activity of the Taq polymerase during PCR amplification and this increases the distance 
between the quencher and the reporter dye which then starts to fluoresce. 
The TaqMan technology has also been used to quantify genes in DNA extracts from soil 
and sediment (Grüntzig et al., 2001; Rodrigues et al., 2002; Lendvay et al., 2003). This 
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technology has also shown decreased sensitivity in the presence of DNA extracts from 
sediment and soil (Grüntzig et al., 2001; Rodrigues et al., 2002). Furthermore, Hristova 
et al. (2001) showed a decreased sensitivity of the TaqMan assay in the presence of 
non-target DNA. The detection limit for target genes in a pure microbial culture was 2 
cells/ml but increased to 180 cells/ml in a mixture with non-target E. coli cells.
Table 5 summarizes the critical points of real-time PCR quantification of genes in soil 
and sediment, which of these points influences specificity and sensitivity of the real-
time PCR quantification and suggested remedies. It is clear from this table that many 
factors influence the real-time PCR sensitivity and to enable optimal detection of genes 
in low concentrations, it is important to consider the influence of each factor. 
Table 5: The critical points of real-time PCR quantification of genes in soil and sediment, which of 
these points influences specificity and sensitivity of the real-time PCR quantification and suggested 
remedies.
Procedure Critical point Influences 
specificity
Influences 
sensitivity 
Remedy
DNA 
extraction 
DNA extraction 
efficiency
 X Adjust extraction procedure to the kind 
of sample 
 Co-extraction of 
PCR inhibitors 
 X x Addition of inhibitor reliever (BSA, 
T4) to real-time PCR reaction 
x Use internal gene control for 
quantification of inhibition in real-
time PCR 
Real-time 
PCR
Primer sequence X X Test several primers targeting different 
genes and homologues of the same gene 
 Length of and %GC 
in target sequence 
 X Target shorter sequence  
 Large amount non-
target DNA (shown 
as many by-products 
in PCR) 
X X x Use more specific primers, use a 
probe-based real-time PCR 
technology
x Use magnetic capture hybridization 
DNA extraction 
x Use MPN-PCR in combination with 
nested PCR or blotting 
 Type and 
concentration of 
polymerase 
 X Test different polymerases 
 Concentration of 
MgCl2
 X Optimize MgCl2 concentration for the 
specific sample.   
 Type of real-time 
PCR chemistry 
(SYBR green or 
probe based)  
X X Test different chemistries 
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4.2.3 Nucleic acid hybridization techniques  
Nucleic acid hybridization (figure 12) has long been applied for the detection and 
quantification of specific genes in environmental samples (Holben et al., 1988) and 
preceded PCR based techniques. Classic hybridization techniques typically require 
more target nucleic acids than a PCR based method to enable detection (Takai and 
Horikoshi, 2000; de Lipthay et al., 2002) and will also typically show no presence of 
genes with a low homology to the probe where degenerate primers in PCR will yield 
PCR products (Itoh et al., 2002). However, new hybridization methods have emerged 
that potentially offer sensitive, specific, quantitative and high-throughput detection of 
microbes also in oligotrophic environments, although these techniques are still under 
development. The techniques described here include dot blotting and microarrays, 
which rely on the detection of extracted nucleic acids while FISH and flow cytometry 
are whole-cell hybridization techniques.
Figure 12: Principle of nucleic acid hybridization. 
4.2.3.1 Dot blot 
Dot blotting is a classic, simple assay for detection and quantification of a specific 
nucleic acid sequence (mRNA, rRNA, DNA) in a complex mixture (Thomas, 1980). 
The RNA or DNA mixture is fixed on a membrane and hybridized with an 
oligonucleotide or polynucleotide probe which is labelled radioactively, fluorescently, 
or coupled with a marker molecule that can be coupled to an enzymatic reaction. Dot 
blotting has been used to detect or quantify tfdA DNA and mRNA in environmental 
samples enriched on 2,4-D (Holben et al., 1988; Xia et al., 1995; de Lipthay et al., 
2002). However, due to reduced sensitivity compared to PCR techniques (Brockman, 
1995; Takai and Horikoshi, 2000; de Lipthay et al., 2002), dot blotting is less suitable 
for oligotrophic environments associated with low target gene copy numbers (the 
detection limit of tfdA genes in a pure culture of R. eutropha JMP134 by dot blotting 
corresponded to 106 colony forming units (de Lipthay et al., 2002)) but is valuable for 
the rapid quantification of nucleic acids in enriched microbial communities. Singh et al.
(2003) used dot blotting to quantify genes involved in the degradation of the insecticide 
chlorporyfos in microcosms with soil from UK and Australia. Repeated attempts to 
amplify target genes in PCR were unsuccessful, but no explanations were given to why 
the PCR assays failed. Furthermore, DNA hybridization signals were only detected in 
the UK soil, indicating that the Australian soil contained chlorporyfos degraders with 
genes unrelated to those in the UK soil.
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4.2.3.2 Microarray
A microarray contains several (up to several thousands) individual nucleic acid probes 
(oligo- or polynucleotide) labelled and immobilized at specific locations on a small (a 
few cm2) chip, on which a nucleic acid sample (DNA, rRNA or mRNA) is added. The 
microarray technique, first introduced by Schena et al. (1995), represent the next 
technological step beyond PCR for simultaneous detection and quantification of 
thousands of genes even with high sequence similarity in environmental samples 
(Marcelino et al., 2006; Chandler et al., 2006). However, the microarray technique is 
still in its infancy and some methodological challenges include non-specific 
hybridization (due to great sequence diversity in the sample), variability between 
replicate measurements, unequal signal intensity for different probes at the same target 
abundance and lack of signals in samples with a low target gene concentration 
(Marcelino et al., 2006; Gentry et al., 2006; Chandler et al., 2006). Marcelino et al.
(2006) applied a mathematical optimization algorithm to overcome some of these 
problems and was able to detect Vibrio taxa in water samples present at concentrations 
<0.05% of total bacteria. Dennis et al. (2003) constructed a microarray including tfdA,
tfdB, tfdC and tfdE probes and was able to detect corresponding mRNA in a defined, 
mixed microbial community containing R. eutropha JMP134. Significant levels of tfdA
mRNA was detected when the R. eutropha JMP134 concentration was as low as 
0.0037% (3.7×103 cells of 108 total cells). However, the sensitivity of the microarray 
approach may be 100-10 000 fold less than that of PCR (Zhou and Thompson, 2002) 
and thus need further optimization before it can be used in samples with a low gene 
concentration. 
4.2.3.3 Fluorescent In Situ Hybridization 
The aim of Fluorescent In Situ Hybridization (FISH), introduced by Hahn et al. (1992), 
is to detect living whole cells, as opposed to PCR which also detects the DNA of dead 
cells. In FISH, fluorescently labelled oligonucleotide probes are used to target 
ribosomal RNA sequences in active (protein synthesizing) populations of 
morphologically intact cells, which can then be viewed using microscopy. The use of 
rRNA as the target molecule instead of DNA provides a natural amplification of the 
fluorescent signal since ribosomes are present in 102-105 copy numbers in active cells 
(Martiny, 2003). With FISH, detection of broad or narrow groups of active bacteria can 
be detected in their natural microhabitat such as soil and sediment (Chen et al., 2003; 
Tal et al., 2005) and quantification is based on actual cell numbers and not nucleic acid 
amounts as in PCR techniques. Quantification of cells may be performed using internal 
bacterial standards (a method called Spike-FISH) (Daims et al., 2001). Since FISH was 
introduced, problems with low sensitivity due to low ribosome contents in starved or 
stressed bacteria, such as in oligotrophic environments, have been alleviated using 
polynucleotide probes, multi-labelled probes or externally added fluorochromes 
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(Catalysed Reporter Deposition (CARD)-FISH, also called Thyramid Signal 
Amplification (TSA)) (Zwirglmaier, 2005). However, quantitative PCR had a lower 
detection limit than CARD-FISH when quantifying cells in sub-seafloor sediment 
(Schippers et al., 2005). 
Recently, mRNA was used as target in TSA-FISH of naphthalene degrading bacteria in 
groundwater (Bakermans and Madsen, 2002), thus also allowing detection of 
microorganisms with a specific function. However, elevated background fluorescence 
from soil or sediment particles may still complicate FISH detection of microbial cells 
with low RNA content and FISH performed on soil or sediment extracts will exclude 
bacteria attached to particles (Christensen et al., 1999; Chen et al., 2003). Poor 
membrane permeability and poorly accessible regions in the 16S or 23S ribosomal 
molecules due to secondary structure, may also be problems in FISH. In combination 
with flow cytometry, uncertainties and tediousness of manual microscopic 
quantification may be alleviated (Wagner et al., 2003) and may be valuable in low 
biomass samples with a low concentration of target organisms, if the cells can be 
concentrated without high background fluorescence. 
4.2.3.4 Flow cytometry 
Flow cytometry allows automatic detection, quantification and also sorting of 
fluorescently labelled target cells from a diverse cell mixture and can process large 
numbers of cells in a few seconds. It can be combined with FISH (Wallner et al., 1997) 
to enumerate and enrich low abundance probe defined populations in environmental 
samples which in turn can be used for genetic characterization thus omitting the 
cultivation step (Kalyuzhnaya et al., 2006). An interesting application would be the 
enumeration of mRNA labelled cells. However, the flow cytometer requires soil and 
sediment particle-free cell suspensions and the recovery of bacteria from these matrices 
still remains a challenging task (Duhamel and Jacquet, 2006). 
4.3 DNA extraction 
4.3.1.1 Indirect and direct DNA extraction 
Two major approaches are used to recover nucleic acids from environmental samples: 
(I) The indirect extraction procedure involves separation and concentration of microbial 
cells from the environmental sample followed by whole cell lysis and purification of 
nucleic acids (Torsvik, 1980).
(II) The direct extraction procedure involves direct lysis of the cells in the sample with 
subsequent extraction of nucleic acids and nucleic acid purification (Ogram et al.,
1987).
The indirect extraction procedure typically gives lower DNA yield, may be more biased 
and is more laborious, but show higher DNA purity and a lower degree of DNA 
shearing than the direct extraction (Robe et al., 2003). However, direct extraction 
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methods are generally preferred at low target gene concentrations and when minimum 
bias is required for diversity analyses. The DNA extraction procedures discussed here 
are summarized in figure 13.  
Figure 13: Summary of DNA extraction procedures employed for soil and sediment samples. 
Most direct extraction procedures are all derived from the protocol published by Ogram 
et al. (1987) and typically contain three steps (Roose-Amsaleg et al., 2001):
(I) Cell lysis  
(II) Removal of cell fragments and other particles  
(III) DNA purification
The most common cell lysis procedures used alone or in combination are physical (e.g. 
bead-beating and thermal shock), chemical (e.g. detergents) and enzymatic disruption 
(Robe et al., 2003). For removal of cell fragments, such as proteins, organic solvents 
(e.g. phenol-chloroform) and salt precipitation are commonly used (Roose-Amsaleg et
al., 2001). The purification procedures aim to minimize the content of humic acids and 
metal salts that may inhibit PCR, nucleic acid hybridization procedures and restriction 
enzyme digestion (Roose-Amsaleg et al., 2001). Examples of purification procedures 
are CsCl gradient centrifugation, agarose gel electrophoresis, gel filtration resins, silica 
Environmental 
sample
Whole cell 
extraction 
Cell lysis 
Removal of cell 
proteins, particles 
DNA purification: 
Removal of humic 
acids, salts 
Total microbial 
DNA 
Magnetic capture 
hybridization 
Specific
targeted DNA 
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matrix, polyvinylpyrrolidone, ion-exchange chromatography and magnetic capture 
hybridization (Ogram et al., 1987; Tebbe and Vahjen, 1993; More et al., 1994; 
Jacobsen, 1995; Zhou et al., 1996; Jackson et al., 1997; Miller et al., 1999). Today, 
some extraction kits are commercially available for extraction of DNA from soil (e.g. 
UltraClean™ Soil DNA kit (MoBio, Solana Beach, CA) and FastDNA® SPIN® kit for 
soil (Bio 101, Carlsbad, CA)). Both of these kits employ the direct extraction procedure 
including bead beating as the cell lysis mechanism. 
DNA losses during extraction procedures may compromise the detection of specific 
target sequences in low biomass environments. The DNA yield typically depends on the 
DNA extraction protocol and may be different for different soil and sediment types 
(Zhou et al., 1996; Miller et al., 1999; Frostegård et al., 1999; de Lipthay et al., 2004). 
Compared to other cell lysis methods, bead beating generally increases the DNA yield 
(Krsek and Wellington, 1999; Miller et al., 1999; Kabir et al., 2003a), although for a 
clay rich soil this was not the most optimal procedure (de Lipthay et al., 2004). Bead 
beating also increases the diversity of the extracted DNA (Kabir et al., 2003a; de 
Lipthay et al., 2004) although it reduces the length of the recovered DNA fragments (de 
Lipthay et al., 2004). The FastDNA® SPIN® kit for soil yielded more DNA than seven 
other DNA extraction protocols when tested on low biomass sediment (table 6) 
(Webster et al., 2003) and has been used in other investigations with sediment samples 
(de Lipthay et al., 2003; Schippers et al., 2005; Lindberg et al., II, 2007). This kit was 
also more reproducible, faster and gave purer DNA with a higher microbial diversity 
compared to other kits or methods (Webster et al., 2003; de Lipthay et al., 2004; Mumy 
and Findlay, 2004). Webster et al. (2003) found that addition of poly-adenylic acid 
(poly A) to the lysis mixture further increased the DNA yield of this method. We used 
the FastDNA® SPIN® kit for soil but also included a freeze-thaw step and increased 
bead beating time (Bælum et al., 2006) which increases the DNA yield from aquifer 
sediment (de Lipthay et al., 2004). 
Table 6: A comparison of different DNA extraction procedures on a low biomass sediment. 
Modified from Webster et al. (2003). * PCR amplifiable using 16S rRNA gene primers. ±: Poor PCR 
reproducibility. 
DNA extraction method DNA yield  
(ng/g sediment) 
PCR
amplifiable* 
Reference or 
manufacturer 
Enzymatic lysis, phenol-chloroform 10 ± Marchesi et al. (1998) 
Bead-beating, phenol-chloroform 0 - Webster et al. (2002) 
Bead-beating, phenol-chloroform 0 - Griffiths et al. (2000) 
GENECLEAN kit 0 - Bio 101, Carlsbad, CA 
UltraClean soil DNA kit 1-5 ± MoBio, Solana Beach, CA 
FastDNA SPIN kit 8 + Bio 101 
FastDNA SPIN kit + poly A 15 + Bio 101 
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This extraction method will not completely remove all PCR inhibitors, though. Figure 
14 shows the DNA extracts from the 50 samples collected 5 cm apart across the fringe 
of Sjølund landfill leachate plume (see site in figure 2) (Lindberg et al., II, 2007). Four 
of the DNA extracts are more brown/yellow than the others indicating presence of 
humic-like compounds and this was also confirmed by absorbance measurements. 
However, real-time PCR inhibition was also significant in some DNA extracts where 
absorbance was not elevated which may have been due to the presence of other co-
extracted PCR inhibitors such as metal salts.  
The sample size influences the assessment of genetic analyses. Ellingsøe and Johnsen 
(2002) found variation in genetic community structure between replicate samples of 
0.01 and 0.1 g soil, but variation was negligible between replicate samples of 1.0 and 
10.0 g. With the FastDNA® SPIN® kit for soil a maximum of 0.5 g sample is 
recommended, which should thus allow representative genetic measurements. It should 
be mentioned, however, that these results were found for analysis of common 16S 
rRNA genes and might be different when looking for more specialised genes as 
pesticide degradation genes. 
Figure 14: 10 PL DNA extracts from 50 aquifer sediment samples from an aquifer sediment core 
cut in 5 cm pieces collected downstream Sjølund landfill. S: DNA extract significantly inhibited real-
time PCR only at a lower target gene concentration (105 genes/g sediment); SS: DNA extract significantly 
inhibited real-time PCR both at a lower (105 genes/g sediment) and a higher target gene concentration 
(107 genes/g sediment) and had elevated absorbance at 400 nm indicating presence of humic acids as 
shown by Lindberg et al. (I, 2006). 
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4.3.1.2 Magnetic capture hybridization 
Magnetic capture hybridization (MCH) is a DNA extraction technique using probe 
coated magnetic beads that hybridize to target genes in a non-purified DNA solution 
(figure 15). It was developed by Jacobsen (1995) to eliminate the inhibitory effect of 
humic acids and other contaminants in PCR and makes it possible to separate specific 
target DNA from all other DNA. Thus, this method may be advantageous for the 
removal of unspecific by-products in PCR caused by excessive amounts of non-target 
DNA. However, MCH requires detailed sequence knowledge of the target genes for 
probe construction and is thus not advantageous when the sequence of the target gene is 
(partially) unknown. 
MCH-PCR was used to detect atrazine degrading genes in soil and was more efficient in 
removing PCR inhibiting compounds than the FastDNA® SPIN® kit (Shapir et al.,
2000). The detection limit of the MCH-PCR assay was 100 atzA genes/g soil. 
Figure 15: Principle of magnetic capture hybridization. 
4.3.1.3 DNA extraction efficiency 
Determination of the DNA extraction efficiency is important in quantitative studies to 
acquire correct enumerations of gene numbers and different procedures have been 
proposed. The extraction efficiency of the FastDNA® SPIN® kit has been estimated to 
approximately 30% by adding a known number of cells to soil or sediment followed by 
DNA extraction and enumeration of target genes by quantitative PCR (Okano et al.,
2004; Mumy and Findlay, 2004). Okano et al. (2004) used spectrophotometry to 
determine the concentration of target DNA in the standard for the quantitative PCR. 
Lee et al. (1996) determined the DNA extraction efficiency from soil by adding 
radioactively labelled lamda DNA with a known radioactivity to the soil immediately 
before DNA extraction and then measuring the radioactivity in the DNA extract. 
However, externally added DNA or microorganisms may be more efficiently extracted 
than DNA from indigenous soil or sediment microorganisms since these may be 
stronger attached to and sitting in microcavities of particles. Thus, these DNA 
extraction procedures may be overestimating the DNA extraction efficiency.
Finally, the handling of DNA extracts during usage is important for detection of genes. I 
noticed that the number of target genes in DNA extracts decreased with the number of 
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times they were thawed and this could be detrimental to the quantification of low target 
gene numbers. DNA extracts should therefore be stored in batches to avoid degradation 
of DNA. 
Notice that the extraction of RNA from soil and sediment requires different approaches 
than for DNA, but RNA extraction was beyond the scope of this review. 
4.4 How to obtain DNA sequence information 
4.4.1 Characterized genes  
Nucleic acid sequence information is a prerequisite for detection and quantification of 
target genes. If the genes involved in the degradation of a compound have been 
characterized previously, primers and probes may typically be found in the literature. 
However, older primers and probes should be checked against database information 
before they are used since new sequences are added frequently (Amann and Ludwig, 
2000) and new primers and probes may be designed based on the new sequence 
information. Bælum et al. (2006) designed new tfdA primers because a large group of 
tfdA sequences in the database was not targeted by older primers.
Furthermore, primers that are used successfully in PCR with pure culture DNA extracts 
may not amplify target genes successfully in environmental DNA extracts (Bender et
al., 2004; Lindberg et al., III, 2007) and it may be necessary to design new primers 
based on existing DNA sequence information. 
It is possible to rely on conserved regions in the DNA sequence of target genes when 
detecting genes involved in the degradation of compounds structurally related to 
compounds for which the metabolic genes have been characterized. de Lipthay et al.
(2003) quantified tfdA genes in MCPP and DCPP contaminated sediment which had not 
been contaminated with 2,4-D. However, the functional diversity of phenoxy acid 
degraders is high, as discussed in chapter 3, and the genes responsible for degradation 
may not have enough sequence similarity to known genes so that they can be targeted 
by primers which design are based on existing sequence information. 
4.4.2 Uncharacterized genes  
4.4.2.1 Isolation
If the genes involved in the degradation pathway of a compound are unknown, 
extensive work is needed to be able to characterize these genes. The classical approach 
involves isolating a single microbial species using enrichment culturing with the 
compound as the single carbon and energy source and then subsequent agar plating. The 
metabolic gene may then be characterized by isolating the enzymes involved in 
degradation, making it possible to design primers which can be used in PCR and 
sequencing (Schleinitz et al., 2004). It is also possible to obtain the gene sequence from 
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gene inactivation studies, in which DNA fragments have been cloned into the metabolic 
gene and consequently inactivated it (transposon mutagenesis) and disabled the 
degradation step in question  (deSouza et al., 1995). 
The isolation process introduces enrichment bias because it favours the microorganisms 
that grow fastest in laboratory cultures, which may not be the microorganisms 
responsible for degradation in situ. The enrichment method chosen may thus influence 
which metabolic genes are isolated (Dunbar et al., 1997). Furthermore, this process is 
not possible for microorganisms in obligate nutritional relationships.
4.4.2.2 Metagenomic libraries 
The introduction of metagenomic libraries enables culture-independent genomic 
analysis of entire microbial communities (Schloss and Handelsman, 2003). Total 
genomic DNA is cloned into host cells (shot-gun cloning) and clones expressing a 
desired trait in appropriate media are genetically characterized. This approach is limited 
by the low recovery of active clones since the desired function is not always expressed 
in the host cell (Eyers et al., 2004). High-throughput equipment may be necessary to 
detect genomes of low abundance in complex environments. This may be facilitated by 
an enrichment strategy applied before the construction of the library (Entcheva et al.,
2001). Labelled xenobiotics can be used to provide information about active bacteria. 
E.g. adding a 13C-labelled substrate allows active bacteria to incorporate the 13C atoms 
into their DNA (a technique called stable isotope probing). The dense 13C-labelled DNA 
may then be separated from light DNA by centrifugation and can then be used to create 
the clone library (Radajewski et al., 2000). However, these strategies introduce 
enrichment bias. 
4.4.2.3 Stable Isotope Probing 
The Stable Isotope Probing (SIP) technique described above has previously been used 
to reveal the identity of the species metabolizing a certain substrate by amplifying the 
13C-labelled 16S rRNA genes using primers targeting evolutionary conserved parts of 
the ribosomal gene and then sequencing these PCR products (Manefield et al., 2002; 
Radajewski et al., 2002; Morris et al., 2002; Singleton et al., 2006; Osaka et al., 2006). 
However, pesticides have not yet been used in 13C stable isotope studies. Due to the fact 
that the SIP technique is still in its infancy, many technical aspects have not been 
optimized. A limitation could be samples with DNA having a high G+C content 
because this increases the density of the DNA and could make it hard to distinguish 
from 13C-DNA (Radajewski et al., 2000). Moreover, at present, relatively high 13C-
labelled substrate concentrations (101-102 mg/L) have been used to obtain labelled 
nucleic acid fractions and this would in most cases not represent concentrations in the 
environment, thus introducing an enrichment bias. Another limitation with SIP may be 
that the 13C-labelled fraction will not contain only target sequences but also include 
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organisms in very tight nutritional relationships. Furthermore, 13C-labelled pesticides 
are not shelf chemicals and are thus very expensive.  
4.5 Concluding remarks 
The cultivation-dependent enumeration techniques are useful for microbial degraders 
whose genes have not yet been characterized. The MPN method is currently the most 
suitable method although it needs to be optimized, especially for aquifer sediments, to 
simulate in situ conditions in order to avoid cultivation bias. 
The currently most sensitive cultivation independent enumeration technique is real-time 
PCR and is thus most suitable of the methods available for quantification of genes in 
low concentrations. The selection of DNA extraction protocol, primers and the type of 
real-time PCR chemistry and also the quantification of PCR inhibition are crucial for a 
correct quantification. SYBR green real-time PCR may be used in aquifer sediment 
samples and is useful when target sequence information is scarce, since this technique 
only involves primer binding and not an additional probe. However, probe binding real-
time PCR techniques may have a higher sensitivity and specificity. Nested PCR or post-
PCR hybridization may also be useful when primers are not able to generate specific 
PCR signals due to presence of much non-target DNA.  
In the future, techniques able to simultaneously quantify many different genes (e.g. 
microarrays) will be useful since great sequence diversity exist in the environment. 
Furthermore, methods to obtain DNA sequence information without introducing 
excessive enrichment bias need to be optimized. 
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5 APPLICATION OF MICROBIAL DETECTION AND 
QUANTIFICATION TECHNIQUES –  NATURAL 
ATTENUATION CASE STUDIES 
Numerous studies describe the potential of indigenous subsurface microorganisms to 
degrade contaminants by laboratory batch microcosm experiments (Johnson et al.,
2000; Albrechtsen et al., 2001; Mills et al., 2001; Moreels et al., 2004; Tuxen et al.,
2006). These assays are also often used to determine degradation kinetics and used as a 
reference when detecting a microbial degradation potential with other microbial 
detection and enumeration techniques (Shapir et al. 2000; Davis et al., 2002; de Lipthay 
et al., 2003; Tuomi et al., 2004; Hosoda et al., 2005; Gonod et al., 2006; Lindberg et
al., II, 2007). However, to correctly determine the degradation kinetics and to 
effectively monitor natural attenuation, it is imperative to also quantify the microbial 
populations performing the degradation in situ.
5.1 Investigations using culture-dependent techniques 
In the following three studies, the number of herbicide degraders were quantified in 
herbicide exposed aquifer sediments by the MPN-method (table 7). 
Table 7: Number of MPN-enumerated pesticide degraders found in three pesticide exposed aquifer 
sediments. 
Site Pesticide Pesticide degraders 
/g sediment 
Reference 
Vejen aquifer, Denmark 2,4-D 100-103 de Lipthay et al. (2003) 
 MCPP 100-104
 DCPP 102-104
Sjølund landfill, Denmark MCPP 100-103 Tuxen et al. (2006) 
Brévilles aquifer, France MCPP 10-1-104 Lindberg (IV, 2007) 
 Isoproturon 10-1-104
 Acetochlor 10-1-104
5.1.1 Vejen aquifer, Denmark 
A part of Vejen aquifer (Denmark) was subjected to a natural gradient field injection 
experiment with six herbicides including the phenoxy acids MCPP and DCPP, each in 
concentrations below 40 Pg/L (Broholm et al., 2001). Fast degradation of MCPP and 
DCPP was observed in situ (Broholm et al., 2001), which was also verified in 
microcosm assays (Tuxen et al., 2002). The number of culturable MCPP, DCPP and 
2,4-D degraders was quantified by MPN enumeration with a 3 months incubation time, 
revealing numbers of phenoxy acid degraders up to 104/g sediment (de Lipthay et al.,
2003). The MPN values were used to model the degradation curves in the batch assays 
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using Monod degradation kinetics (Tuxen et al., 2002) which correctly estimated the 
plume length observed in the field, in contrast to first order degradation kinetics which 
severely overestimated the plume length (Tuxen et al., 2002).
5.1.2 Sjølund landfill, Denmark 
An anaerobic leachate plume, containing high concentrations of MCPP (up to 220 Pg/L) 
was formed in the otherwise aerobic aquifer underlying Sjølund landfill (see site in 
figure 2) (Tuxen et al., 2003; Tuxen et al., 2006). At the fringe (1 m thickness) of the 
plume, where aerobic uncontaminated porewater overlying the plume mixed with the 
anaerobic contaminated porewater, an elevated MCPP degradation potential was 
confirmed by microcosm assays and MPN enumerations with a 10 months incubation 
time, which showed up to 103 MCPP degraders/g sediment (Tuxen et al., 2006). 
Furthermore, both of these assays showed little or no MCPP degradation potential 
above or under this narrow plume fringe, thus correlating well. The number of microbial 
MCPP degraders was also modelled in Prommer et al. (2006), who showed that the 
position of the simulated bioactive zone agreed with the zone identified in the 
incubation experiments. However, the simulated microbial concentrations were higher 
than the measured concentrations, which was attributed to that the MPN method only 
accounts for the culturable fraction of the microbial population and the study thus 
highlights the need for more accurate methods to measure the number of microbial 
degraders.
5.1.3 Brévilles aquifer, France 
The catchment area for Brévilles spring (70 km west of Paris) is mostly used for 
agriculture. The site and water quality is described in detail in Mouvet et al. (2004). In 
brief, the spring was used as drinking water supply until atrazine was found in 
concentrations exceeding legal thresholds and traces of isoproturon, deethylatrazine and 
chlortoluron have also been found in the groundwater. To reduce atrazine 
contamination, the farmers introduced acetochlor as a replacement, since this herbicide 
has been found to degrade more rapidly than atrazine (Konda and Pasztor, 2001). The 
sandy, unconfined and aerobic aquifer is overlaid by an unsaturated layer consisting of 
limestone, marl and clay. The number of MCPP, isoproturon and acetochlor degraders 
was quantified by MPN enumeration in topsoil, the vadose zone and the aerobic sandy 
aquifer in 26 samples from three cores with 11 months incubation time (Lindberg, IV,
2007). The degradation potential of the three pesticides was also investigated in 
microcosm degradation experiments. The number of MCPP, isoproturon and acetochlor 
degraders was elevated (>100/g) in topsoil and also some subsurface samples (figure 
16). Notably, the number of specific degraders was higher in some subsurface samples 
(>14 000/g) than in the topsoil. Samples with higher limestone content had lower 
numbers of herbicide degraders. In most samples from two of the cores, the number of 
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herbicide degraders correlated with herbicide mineralization potential in the microcosm 
assays, although some samples had very low MPN values despite a clear mineralization 
potential. In the remaining core, the MPN values and mineralization potential did not 
correlate. The discrepancies between the MPN and the degradation experiments may be 
due to that the conditions in the degradation experiment regarding water content, 
pesticide concentration (1 Pg/kg or 1Pg/L in the microcosms and 25 Pg/L in the MPN 
assay) and particle content was more realistic in the microcosms and that the cell 
extraction step in the MPN assay may have been biased. Since the concentration in the 
microcosm assay was <10 Pg/L, while it was >10 Pg/L in the MPN-assay, a shift in the 
degradation kinetics of MCPP at this concentration, as shown by Toräng et al. (2003) 
could perhaps explain some of the discrepancies. Lowering the concentration in the 
MPN assay could perhaps remove some of the bias, but would probably require a longer 
incubation time.  
Figure 16: Pesticide degraders (MPN/g) and mineralization (% 14CO2 after 233 days) of MCPP, 
isoproturon and acetochlor as a function of depth in core Pz14, Pz17a and Pz17c. Mbs: meter below 
surface. Notice the different scales on X-axes. Modified from Lindberg (IV, 2007). 
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5.1.4 Concluding remarks  
The MPN-assay was in all three investigations able to detect and quantify herbicide 
degrading microorganisms for all the herbicides investigated. In Vejen aquifer, the 
MPN-values could be used to correctly calculate the plume length. In the Sjølund and 
Brévilles studies, the distribution of herbicide degraders enumerated by MPN and the 
distribution of the mineralization potential shown in the microcosm assay correlated for 
most samples, although there were also discrepancies, which could be due to incubation 
biases. In the Sjølund study, the measured number of MCPP degraders enumerated by 
the MPN method was lower than the simulated number of degraders, which highlights 
the need for more accurate quantification methods. 
5.2 Investigations using DNA-based techniques 
A number of studies have investigated the presence of genes specific for biodegrading 
microorganisms in situ in soil or sediment as indication of degradation potential of a 
contaminant or to monitor bioremediation (table 8). The investigators used conventional 
PCR, nested PCR, MPN-PCR or real-time PCR to detect or quantify specific genes of 
microorganisms degrading various contaminants, mostly petroleum hydrocarbons (e.g. 
BTEX) and chlorinated solvents (e.g. PCE, TCE) but also pesticides, PAHs, PCB and 
(per)chlorate, in both soil and sediment. However, only our study (Lindberg et al., II,
2007) describes the use of real-time PCR quantification of pesticide degrading genes in 
aquifer sediment.  
As mentioned in section 4.2.3.1, the dot blotting technique has been outdated by PCR. 
Stapleton et al. (1998) described three case studies where nucleic acid hybridization 
(dot blotting) in most cases failed to detect target genes, mostly due to the detection 
limit being too high.  
The case studies described below involved the use of PCR-based techniques to 
enumerate microorganisms degrading pesticides and chlorinated solvents in soils and 
aquifer sediments. 
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Table 8: Overview of studies using DNA-based techniques to detect or quantify genes in situ in soil 
or sediment to detect or quantify microbial contaminant degraders.  +: PCR product obtained in non-
quantitative technique. * Case described in section 5.2.
Technique Sample type Contaminant Target gene Genes/g 
soil or 
sediment
Reference 
Soil and 
sediment 
(vadose zone) 
Naphtalene nahA + Herrick et al. (1993) 
River sediment PCB bphC + Erb and 
Wagnerdobler  
(1993) 
River 
sediment, 
Lake sediment 
PCB bphA1 + Hoostal et al. (2002) 
Aquifer 
sediment 
PCE, TCE, 
cis-DCE, VC 
General 16S 
rRNA genes 
+ Davis et al. (2002) 
Conven- 
tional PCR 
Sediment 
(vadose zone) 
and aquifer 
sediment 
BTEX tmoA,
xylM,
xylE1
+ Hendrickx et al. 
(2006) 
Nested 
PCR
Sediment, soil 
and water 
Per(chlorate) cld + Bender et al. (2004) 
 Aquifer 
sediments 
PCE, TCE, 
cis-DCE
Dehalococcoides
16S rRNA gene 
+ Löffler et al. (2000) 
 Soils  Atrazine atzA + Shapir et al. (2000)* 
 Aquifer 
sediment  
PCE Dehalococcoides,
Desulforomonas
16S rRNA gene 
+ Lendvay et al. 
(2003)* 
MPN-PCR Sediment 
(vadose zone) 
Jet fuel nahA, xylE, alkB 106-109 Chandler and 
Brockman (1996) 
 Aquifer 
sediment  
2,4-D, MCPP, 
DCPP
tfdA, tfdB 102-103 de Lipthay et al. 
(2003)* 
 Soil Naphthalene nahAc 101-104 Tuomi et al. (2004) 
 Soil n-alkanes alkB 104/ng  
soil DNA
Kloos et al. (2006) 
Real-time 
PCR
Aquifer 
sediment  
PCE Dehalococcoides,
Desulforomonas
16S rRNA gene 
103-106 Lendvay et al.
(2003)* 
 Aquifer 
sediment  
MCPP tfdA, tfdC 102-103 Lindberg et al. (II,
2007)* 
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5.2.1 Vejen aquifer, Denmark 
In addition to traditional cultivation based MPN enumeration, de Lipthay et al. (2003) 
also quantified the number of tfdA and tfdB genes in Vejen aquifer sediment using 
MPN-PCR. The number of tfdA or tfdB genes was up to 103/g sediment and these genes 
were only present in sediments exposed to phenoxy acids and which contained 
culturable MCPP and DCPP degraders (up to 104 cells/g). However, in exposed 
sediments, containing culturable phenoxy acid degraders <100 cells/g, a PCR signal was 
not always obtained with the tfdA or tfdB primers, thus indicating a lower sensitivity 
with the MPN-PCR method than the cultivation based MPN method. It is surprising that 
the number of culturable degraders was higher than the number of tfd genes since 
typically <10% of microorganisms are culturable. However, MPN-PCR typically 
underestimates the number of genes and real-time PCR quantification may have resulted 
in a higher number of target genes.  
5.2.2 Belgian soils  
Soils from 10 fields pre-exposed or not exposed to atrazine were examined for 
mineralization potential and the number of atzA genes was roughly estimated by a PCR 
dilution series (Shapir et al., 2000). DNA extraction using magnetic capture 
hybridization was found to be more efficient than extraction using the FastDNA®
SPIN® DNA extraction kit (Bio101, Carlsbad, CA). Soils pre-exposed to atrazine had 
approximately 100 atzA genes (the detection limit was 100 atzA/g soil) and a lag period 
of 4-5 days before atrazine mineralization started. The number of atzA genes was 
<100/g soil in soils not exposed to atrazine and could only be detected with nested PCR 
or was absent. The non-exposed soils also had longer lag periods (>17 days) than pre-
exposed soils. Thus, the PCR based method correctly predicted the mineralization 
potential, although the atzA quantification was quite inexact.
5.2.3 Bachman aquifer, Michigan, USA  
Lendvay et al. (2003) compared bioaugmentation and biostimulation for bioremediation 
of a chlorinated solvent (PCE) contaminated aquifer. The concentration of PCE and its 
degradation products including ethene, was monitored during bioremediation and in a 
control plot. Furthermore, the distribution of dechlorinating microbial species 
(Dehalococcoides and Desulfuromonas) was also monitored using nested PCR and real-
time PCR (TaqMan). Prior to any treatment, neither Dehalococcoides nor 
Desulfuromonas were detected in the control plot using nested PCR. However, 72 days 
after commencement of biostimulation or bioaugmentation, Dehalococcoides and 
Desulfuromonas were detected (nested PCR) in all samples. Real-time PCR analysis 
revealed that the bioaugmentation plot contained at least one order of magnitude greater 
numbers of Dehalococcoides cells (103-106/g sediment) than the biostimulation plot 
(102-104/g sediment), which was consistent with higher ethene production rates in the 
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bioaugmented plot. The real-time PCR assay had a rather high sensitivity (102
Dehalococcoides 16S rRNA genes/g sediment).  
5.2.4 Sjølund landfill, Denmark 
We enumerated the number of tfdA and CCD genes in the 50 samples from Sjølund 
landfill leachate plume fringe (see site in figure 2) using real-time PCR and also 
screened for the presence of tfdAD, cadA, rdpA, sdpA and tfdB genes in selected 
samples, using 13 primer pairs in total (Lindberg et al., II, 2007). However, tfdA and 
CCD genes were only present in three samples (<103 genes/g sediment), although these 
primers were very sensitive (80 tfdA or CCD genes/g sediment) and did not correlate 
with the MCPP mineralization potential shown in microcosms by Tuxen et al. (2006) or 
Lindberg et al. (II, 2007). The other primers did also not give satisfactory PCR signals. 
In the microcosms (Lindberg et al., II, 2007), the number of tfdB and CCD genes 
increased to 105 and 103 genes/g sediment, respectively, but only in the three (tfdB) or 
two (CCD genes) microcosms (out of seven) where the MCPP degraders according to 
kinetic modelling had a slow growth, thus indicating a different microbial community 
than in the tfdB- or CCD-negative microcosms (table 9). The number of tfdA genes did 
not increase in any of the microcosms. These results thus indicated that other genes than 
the tfdB and CCD genes were involved in the second and third degradation step of 
MCPP in four of the microcosms and that tfdA was not involved in the MCPP 
degradation at all. With a nested PCR approach, using newly designed primers, the 
rdpA gene was detected in 9 out of 11 MCPP mineralizing microcosms (figure 17) 
(Lindberg et al., III, 2007). PCR detection of rdpA was not possible using previously 
published primers developed for pure cultures.  
Table 9: Growth rate constant (Pestimated from the three-half-order kinetic model) of MCPP 
degrading microorganisms and number of tfdB and CCD genes at 25% MCPP mineralization in 
microcosms with aquifer sediment from Sjølund. B.D: Below detection limit. Modified from Lindberg 
et al. (II, 2007). 
Microcosm P
(day-1·10-3)
tfdB
(genes/g sediment) 
CCD genes  
(genes/g sediment) 
20 64 ± 3 105 B.D. 
21 120 ± 5 B.D. B.D. 
24 104 ± 3 B.D. B.D. 
25 81 ± 3 B.D. B.D. 
38 63 ± 2 105 103
39 79 ± 2 105 103
41 185 ± 8 B.D. B.D. 
Our studies thus highlight that there is a large diversity of phenoxy acid metabolic 
genes, that detection techniques applicable in highly concentrated and pure systems 
(like pure cultures) may not be transferable to environmental samples with higher 
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concentrations of non-target genes and a low concentration of target genes, and finally 
that the metabolic pathways of contaminant degradation in oligotrophic environments 
like aquifer sediment should be studied further. 
Figure 17: Detection of the rdpA gene in microcosms with aquifer sediment from Sjølund 
mineralizing MCPP. Agarose gel electrophoresis of PCR products generated in a) conventional 
PCR with the rdpA primer pair designed by Schleinitz et al., 2004 and b) nested PCR with rdpA
primers designed by Lindberg et al. (III, 2007).  L: Molecular size ladder. D: D. acidovorans, positive 
control. B: Blank. Modified from Lindberg et al. (III, 2007). 
5.2.5 Concluding remarks 
In Vejen aquifer and the Belgian soils, the distribution of contaminant degrading genes 
corresponded with culture-based investigations of the degradation potential. However, 
the quantitative PCR assays (MPN-PCR or simple dilution series) used in these two 
investigations are inexact, and were mostly useful to decide presence or absence of 
metabolic genes. In the Bachman aquifer study, there was a difference between the 
numbers of Dehalococcoides genes (determined by real-time PCR) at the bioaugmented 
and the biostimulated site, which corresponded to a difference in the amount of 
degraded contaminant. Moreover, no degradation of PCE took place at the control site, 
which corresponded to that no Dehalococcoides were detected with nested PCR.
However, at the Sjølund site, previously known genes were not likely involved in the 
MCPP degradation in situ or the primers used were not suitable for PCR with 
environmental DNA extracts, which thus highlights the challenges with PCR-based 
techniques.
No investigations have so far used PCR-based enumerations as input data in kinetic 
models as was done with MPN data in Tuxen et al. (2002) to model the contaminant 
degradation and in turn determine its distribution. Such an investigation would be very 
useful for validation of the PCR enumerations. 
L     20    21     24    25     26     33    37     38   39    40     41    D      B      L    a) 
   b) 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 
No previous studies have used real-time PCR for quantification of pesticide degraders 
in non-incubated or microcosm aquifer sediment samples. My thesis presents the 
possibilities and challenges detecting and enumerating pesticide degrading 
microorganisms using culture independent PCR-based assays and the culture dependent 
MPN assay with main focus on real-time PCR. All the PCR-based experiments in my 
thesis were performed on MCPP contaminated aquifer sediment from the Sjølund 
landfill leachate plume. The experiments have contributed with knowledge about the 
level and variation of real-time PCR inhibition in aquifer sediment, the use of real-time 
PCR and nested PCR for quantification and detection, respectively, of metabolic genes 
involved in MCPP degradation by indigenous microorganisms in aquifer sediment and 
have highlighted the genetic diversity of genes involved in MCPP degradation. 
Furthermore, the culture based MPN enumerations of herbicide degraders in the 
Brévilles soil and sediment also contribute with knowledge about the vertical and 
horizontal variation of the number of MCPP, isoproturon and acetochlor degraders in 
the subsurface below an agricultural field and how the number of herbicide degraders, 
correlated to the degradation potential seen in microcosm assays.  
The conclusions can be summarized in the following points: 
x Real-time PCR may be rather sensitive (our detection limit was 80 genes/g 
sediment), which is promising for the quantification of target genes in samples 
with a low target gene concentration such as aquifer sediments. Real-time PCR 
is currently the most sensitive of the molecular microbial enumeration methods 
available.
x Inhibition of real-time PCR may be significant in DNA extract from aquifer 
sediment, especially at lower gene concentrations (<105 genes/g), with 
significant variations in real-time PCR response between samples collected close 
to each other (cm scale). Since dilution of DNA extracts at low target gene 
concentrations to reduce the influence of inhibiting compounds could also 
reduce the target gene concentration to below detection limit, an internal control 
is needed in real-time PCR reactions with environmental DNA extracts to 
correctly quantify the number of target genes. 
x The genetic diversity of genes involved in MCPP degradation is larger than 
previously anticipated. The current available primers targeting the metabolic 
genes responsible for the second and the third step in the degradation pathway of 
MCPP did not result in PCR products in all microcosms with sediment from the 
Sjølund aquifer. The increase in classical tfdB and CCD genes was only seen for 
microcosms with a slower MCPP mineralization and a slower growth of the 
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MCPP degraders showing a significantly different microbial community than in 
the remaining microcosms. The rdpA gene may have been involved in MCPP 
degradation in the sediment since it could be detected with nested PCR. 
x Primers that are able to detect microbial genes in pure cultures may not be able 
to detect these target genes in environmental samples due to high levels of non-
target DNA that may produce unspecific PCR by-products. Largely degenerate 
primers may thus not be suitable for environmental samples and it may be 
necessary to test the non-degenerate forms of these primers or using PCR assays 
with more specificity such as TaqMan real-time PCR, nested PCR, PCR with 
blotting or magnetic capture hybridization with subsequent PCR. 
x Although the metabolic microbial genes involved in the degradation of a 
compound are well studied, these genes (or homologs of these genes) may not 
be responsible for the degradation of this compound at a site.  
x Since phenoxyacetic acid degradation ability is spread over many phylogenetic 
microbial groups, it is more relevant to use metabolic genes than ribosomal 
genes as indicator of intrinsic biodegradation.
x The metabolic genes involved in the degradation of a compound and the 
degradation kinetics of this compound may differ between microcosms 
containing samples collected only centimetres apart, although these have been 
incubated at identical conditions. 
x The cultivation-dependent MPN assay is useful for quantification of 
microorganisms for which no DNA sequence data exist. 
The recommendations and future perspectives can be summarized in the following 
points:
x Metabolic pathways for phenoxyalcanoic acid degradation in aquifer sediment 
need to be further studied to enable detection of target genes, since already 
characterized genes isolated from top soils may not be related to the metabolic 
genes active in sediments. 
x To efficiently find the genes involved in the intrinsic degradation of a compound 
and correctly determine the size of intrinsic biodegrading population(s) in soil or 
sediment using DNA based methods, it is important to use primers/probes that 
target different genes and different variations of the same gene. This is also 
important since a degradation step of a compound may be controlled by different 
genes in different samples. Therefore, methods that can quantify many genes 
simultaneously, e.g. microarrays, will be very useful.  
x Metabolic genes coding for contaminant degradation have been found in isolates 
not able to degrade the contaminant (e.g. 2,4-D). Therefore, it is important to use 
quantitative gene enumeration methods when using such genes as indicator of 
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intrinsic biodegradation, so that the background populations will not yield 
erroneous results. 
x PCR-based techniques are very useful to monitor the microbial population in 
bioaugmentation studies, since the microorganisms responsible for degradation 
are known. 
x Real-time PCR enumerations of contaminant degrading genes should be tested 
and validated in contaminant fate models. 
x More attention should be given to DNA extraction efficiency since this factor is 
crucial for correct quantification of genes in a sample. 
x Methods to obtain the sequence of metabolic genes in environmental samples 
without the need for enrichment need to be optimized. 
x Culturable quantification methods that simulate in situ conditions need to be 
developed for enumeration of microorganisms for which no DNA sequence data 
exist.
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